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ABSTRACT 
A study of Transferred Electron (TE) oscillators is presented 
in two parts; the first deals with the modelling of varactor-tuned 
TE oscillators in waveguide and the second part is concerned with 
investigation of the interaction between a device and a nonlinear 
resonant circuit. 
The TE device operation is described and conputer modelling 
used to determine the properties of the active device. 
An analysis of a multi-post waveguide mount is presented, 
resulting in the formulation of impedance matrix representation. The 
analysis is applied to the specific case of a two-post mount, and an 
algorithm is given for the calculation of the lumped-element equivalent 
circuit describing the mode coupling in such a mount. 
A complete equivalent circuit model incorporating devices, 
packages and mount is developed and used to predict oscillator behaviour. 
The effect of certain oscillator parameters on performance is investigated. 
Experimental oscillators are constructed and used to verify the model's 
predictions. Good agreement is obtained between theoretical and 
expe rimen tal re su 1 ts . 
The effect of a nonlinear resonant circuit on a negative-
resistance source is studied. The cases of weak and strong nonlinearities 
in both source and load are examined, and foimd to produce markedly 
different results. The nonlinear oscillator is modelled on an analogue 
computer and novel behaviour is reported which may have significant 
bearing on the operation of microwave oscillators. 
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CHAPTER 1 
INTRODUCTION 
IJ BACKGROUND 
The development of s o l i d s t a t e microwave devices i n i t i a t e d a 
r e v o l u t i o n i n microwave c i r c u i t des ign . Whereas prev ious microwave 
systems used expensive and bulky e lec t ron- tv ibe ccmponents, t h e new 
c i r c u i t s c o n s i s t e d of small e l e c t r o n i c devices with novel ope ra t i ng 
c h a r a c t e r i s t i c s . Furthermore the i r r e l a t i o n of tube technology ccmpon-
e n t s allowed a piecemeal des ign approach, whereas the p h y s i c a l and 
e l e c t r i c a l p roximi ty of devices in a s o l i d - s t a t e microwave c i r c u i t 
n e c e s s i t a t e d an i n t e g r a t e d des ign . 
One of the p roduc ts t o emerge from the s o l i d s t a t e r e v o l u t i o n 
was the Trans fe r red E l e c t r o n , or Gunn, dev i ce . The two d e s i g n a t i o n s 
for the same device arose from t h e p r i n c i p l e of ope ra t ion of the 
device [1,2] and from the r e s e a r c h worker who f i r s t exper imen ta l ly 
observed the device ope ra t ion [ 3 ] . (Throughout t h i s t h e s i s e i t h e r name 
may be used t o desc r ibe t h e ope ra t ion or the d e v i c e ) . 
The Transfe r red E l e c t r o n device (TED), when opera ted under the 
p roper c o n d i t i o n s , p rov ides a nega t ive r e s i s t a n c e and i s thus a source 
of microwave pcwer. Devices of t h i s form have found widespread use 
i n microwave o s c i l l a t o r s , and were descr ibed r e c e n t l y as [4] 
" the most c o s t - e f f e c t i v e , r e l i a b l e , low-noise devices a v a i l a b l e 
over 6 GHz". 
Ea r ly microwave s o l i d s t a t e o s c i l l a t o r design was mostly e m p i r i c a l . 
The TED was u s u a l l y mounted i n a r e sonan t c a v i t y , wi th d i e l e c t r i c s t ubs 
used t o p rov ide f ine t u n i n g . The frequency of such o s c i l l a t o r s could not 
be a c c u r a t e l y p r e d i c t e d a t t he design s t a g e , and the use of t un ing st\ ibs 
r e s u l t e d i n a very narrow bandwidth. Never the less t h e Gunn o s c i l l a t o r 
rapidly replaced the klystron as a low-power source of microwaves. 
Today the Gunn o s c i l l a t o r i s s t i l l a strong contender for 
low-noise o s c i l l a t o r appl ica t ions , and operating frequencies of the 
order of 100 GHz have been achieved. The development of a l te rna t ive 
mater ia l s for the device (e .g. InP) guarantees the devices a t t r ac t ive -
ness even in the millimeter range of the spectr\am. 
1 . 2 MOTIVATION FOR STUDY 
The most popular cav i ty mount for the TED has been the v/ave-
gu ide p o s t s t r u c t u r e . The waveguide c a v i t y has t h e a t t r a c t i v e f e a t u r e s 
of h igh Q, good heat s inking and ease of c o n s t r u c t i o n . Accurate 
ana ly se s of waveguide p o s t mounts d id no t appear u n t i l the e a r l y 1970s, 
and t h e apparent complexity of the der ived mount i n p u t impedance has 
d e t e r r e d microwave c i r c u i t des igners from using them. I n s t e a d , e m p i r i c a l 
methods a re of ten employed. These exper imenta l methods u s u a l l y are 
inadequa te fo r the exp l ana t i on of anomalous behaviour and sptorious e f f e c t s . 
Furthermore no t h e o r e t i c a l v e r i f i c a t i o n would be a v a i l a b l e t o confirm, 
t h a t optimtmi cond i t i ons have, i n f a c t , been achieved. 
The need fo r wideband tunab le microwave sources r e s u l t e d i n the 
development of mechanica l ly and e l e c t r o n i c a l l y tuned Gunn o s c i l l a t o r s . 
Mechan ica l ly - tuned o s c i l l a t o r s are cons t ruc t ed so t h a t t h e p h y s i c a l 
dimensions of t h e r e sonan t c a v i t y can be a l t e r e d , and hence tlie 
o s c i l l a t i o n frequency may be ad jus t ed by an o p e r a t o r . With the 
re f inement of Gunn d e v i c e s , such o s c i l l a t o r s could be txmed over s e v e r a l 
Gigaher tz a t X band. Seemingly e r r a t i c behaviour in power and frequency 
performance was of ten observed whi le t u n i n g . 
E l e c t r o n i c a l l y tuned o s c i l l a t o r s inco rpora t e devices whose 
p r o p e r t i e s a re v a r i e d e l e c t r o n i c a l l y . The two most favoured tun ing 
methods a re YIG (Y^ttrium Tron £ a m e t ) sphere and v a r a c t o r diode t u n i n g , 
d e s c r i b e d i n chap te r 4 . In these methods, the element whose inductance 
o r c apac i t ance i s t o be v a r i e d i s coupled t o t h e cav i ty and the a c t i v e 
d e v i c e . V a r i a t i o n of the elements reac tance causes a corresponding 
change i n the ope ra t i ng frequency, a l though the r e l a t i o n s h i p between 
the two changes i s u s u a l l y very ccsnplex. 
The waveguide cavity provides excellent frequency stability. 
To allow for electronic tuning, tlie varactor has to be coupled closely 
to the active device. Thus seme frequency stability is sacrificed for 
wider tuning bandwidth. An optimum design would allow enough coupling 
to the varactor to p3Xivide the desired bandwidth but retain cavity 
controlled oscillation for high stability and low post-tuning drift. 
(Note: post-tuning drift is defined as the maximum output frequency 
drift that occurs over a specified time range after the oscillator has 
settled within a specified frequency window around the final output 
frequency). 
Due to the complexity of Gunn device dynamics and cavity design, 
no accurate analysis of varactor controlled Gunn cavity oscillators (VTCO) 
in waveguide was available and the design of these VTCOs remained a 
largely empirical procedure. Prom experimental evidence gathered in the 
developmental stage of these VTCOs, it became obvious that the oscillator 
behaviour depended on the interaction of the TED with the load circuit. 
A slight change in the load circuit could cause a dramatic change in the 
operation of the TED. The output power for example, could vary signific-
antly within the tuning range. 
Over the past 15 years, many studies have been performed on 
TEDs and an accurate description of device-operation has been built up. 
The analysis of some oscillator mounts and cavities has also been carried 
out. Waveguide cavities have been more difficult to analyse due to the 
complexity of modes. 
In this thesis, a study is made of a waveguide varactor-tuned 
Gunn oscillator. A conplete and accurate equivalent circuit model is 
developed and used to show how the interaction between device and circuit 
5 . 
jumps and h y s t e r e s i s in tuning are expladjied with t h e a id of t h e model. 
Experimentsil evidence i s r e p o r t e d which v e r i f i e s the models p r e d i c t i o n 
of o s c i l l a t o r behaviour . 
The nega t ive conductance provided by the a c t i v e TED i s a 
n o n l i n e a r decreas ing funct ion of r . f . vo l t age ac ross i t . Phys i ca l 
r e a l i z a b i l i t y reqirLres t h a t the device only p rov ides a nega t ive 
conductance for ou tpu t vo l t ages below a f i n i t e v a l u e . To d a t e , 
n e a r l y a l l ana lyses of TE o s c i l l a t o r s have cons idered only the 
i n t e r a c t i o n of t h e n o n l i n e a r conductance wi th a l i n e a r r e s o n a n t c i r c u i t . 
Many p r a c t i c a l microvjave c i r c u i t s are n o n l i n e a r however, and i n the 
second phase of t h i s s tudy, the i n t e r a c t i o n of a non l inea r nega t ive 
conductance with a n o n l i n e a r r e sonan t c i r c u i t i s examined i n d e t a i l . 
Anomalous behaviour i s r e p o r t e d which may have a p p l i c a t i o n i n many 
microwave o s c i l l a t o r c i r c u i t s . 
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1.3 SCOPE OF THE THESIS 
Following t h i s i n t r o d u c t o r y chap t e r , t he TED i s examined in 
d e t a i l i n c h a p t e r 2 . The theory of the TE e f f e c t , and a b r i e f d e s c r i p t -
ion of the va r ious ope ra t i ng modes, a r e l i s t e d . The problem of 
modell ing the TED i s then i n v e s t i g a t e d and a s imple , phenomenological 
model i s adopted. This model i s then used t o ob ta in the p r o p e r t i e s 
of the a c t i v e device which a r e d i f f i c u l t t o measure e x p e r i m e n t a l l y . 
A d i s c u s s i o n and l i t e r a t u r e review of the e f f e c t of harmonic loads on 
TED o p e r a t i o n i s p r e s e n t e d ; a p o s t u l a t e i s pu t forward t o exp la in such 
e f f e c t s . 
In chap te r 3 , a study of a g e n e r a l p o s t mounting s t r u c t u r e 
i s p r e s e n t e d . Follcwing a l i t e r a t u r e review of p rev ious p o s t mount 
a n a l y s e s , an a n a l y s i s of a m u l t i - p o s t / s i n g l e - g a p waveguide mount i s 
desc r ibed i n d e t a i l . This s tudy i s b a s i c a l l y t h a t of J o s h i and Comick 
[5] extended by t h e au thor t o cover g e n e r a l i z e d t e r m i n a t i o n s i n the 
waveguide arms, and multi-mode coupling between p o s t s . 
The g e n e r a l i z e d a n a l y s i s i s reduced t o the two-post case and 
an a lgor i thm i s given fo r the c a l c u l a t i o n of the e q u i v a l e n t coupling 
c i r c u i t between the gaps . In order t o b u i l d a complete e q u i v a l e n t 
c i r c u i t r e p r e s e n t a t i o n of the VTCO, t h e e q u i v a l e n t c i r c u i t s of the 
packaged s o l i d s t a t e devices were der ived and inc luded in the model. 
Chapter four d e s c r i b e s the a p p l i c a t i o n of the VTCO model. The 
v a r i a t i o n of frequency wi th e l e c t r o n i c and mechanical tuning i s 
exp la ined wi th the a id of the model, and a ccxnputer-aided frequency 
search r o u t i n e for the de te rmina t ion of the ope ra t i ng mode i s d e s c r i b e d . 
The s t a b i l i t y of the VTCO i s i n v e s t i g a t e d ; the s t a b i l i t y 
c r i t e r i o n l i s t e d i s used t o exp la in h y s t e r e s i s e f f e c t s in t u n i n g . 
The e f f e c t s of pos t s e p a r a t i o n and pos t p o s i t i o n s on tuning behaviour 
a re a l s o d i s p l a y e d . App l i ca t ion of the VTCO model t o r epor t ed cases 
i s i n d u c e d . The t h e o r e t i c a l behaviour p r e d i c t e d by the model agrees 
c l o s e l y witli exper imenta l behav iour . The g e n e r a l i z a t i o n s made fran the 
exper imenta l r e s u l t s are shown t o be c o n d i t i o n a l . 
E l e c t r o n i c tuning, behaviour i s a l s o i n v e s t i g a t e d , r e s u l t i n g in 
a p o s t mount conf igu ra t ion des igned t o optimize e l e c t r o n i c txining 
bandwidth. The v a r a c t o r package p a r a s i t i c s a re shovm t o degrade t h e 
e l e c t r o n i c tun ing banciv'idth, which in t u r n , i s r e l a t e d t o the v a r a c t o r 
Q and the cav i t y Q. 
Experimental a spec t s of t h e t h e s i s are con ta ined i n chap t e r 5 . 
The theory of diode package c h a r a c t e r i z a t i o n i s o u t l i n e d and the des ign 
of the coax ia l mount used for t h i s purpose i s de sc r ibed . Tlie p rocedure 
followed i n the c h a r a c t e r i z a t i o n i s a l so l i s t e d . The de te rmina t ion of 
the numerical va lues of the c i r c u i t e lements could e i t h e r be achieved 
us ing a computer-aided e r r o r minimiza t ion r o u t i n e , or by "manual" methods. 
A d e s c r i p t i o n of t h e exper imenta l p o s t mount fo l lows . Seve ra l o s c i l l a t o r 
c o n f i g u r a t i o n s were examined and t l i e i r exper imenta l performance recorded . 
The p r e d i c t e d behaviour i s inc luded for comparison. Good agreement i s 
ev iden t i n most c a s e s . 
The t h e s i s has t o t h i s s tage assumed the load c i r c u i t , i n c l u d i n g 
the v a r a c t o r , t o be l i n e a r . Chapter 6 dea ls wi th the case of a n o n l i n e a r 
r e sonan t c i r c u i t load ing a nega t ive conductance which has a cubic c u r r e n t / 
vo l t age c h a r a c t e r i s t i c . Following a review of l i t e r a t u r e dea l ing with 
such n o n l i n e a r o s c i l l a t o r s , two a n a l y t i c a l methods a r e desc r ibed fo r the 
s o l u t i o n of the d i f f e r e n t i a l equa t ion d e s c r i b i n g an o s c i l l a t o r wi th 
n o n l i n e a r source and l o a d . The D.E. i s so lved f o r a weak-conductance 
n o n l i n e a r i t y and the e f f e c t of the n o n l i n e a r resonance on frequency, 
power and s t a b i l i t y i s noted. 
A numerical s o l u t i o n is- a l so o b t a i n e d . The method uses a 
four th o rder Rimge-Kutta rou t ine t o so lve t h e second o rde r D.E. 
F i n a l l y , an analogue conputer i s used t o solve the problem. The 
analogue approach proved very usefu l as l i m i t a t i o n s of the p rev ious 
methods d id no t allow t h e s o l u t i o n fo r s t r ong n o n l i n e a r i t i e s . The 
s o l u t i d n waveforms are recorded and d i sp l ay p r e v i o u s l y unknown t r e n d s . 
Conclusions r e s u l t i n g frcm t h e study are con ta ined in chap te r 7. 
Along with the summary of novel f e a t u r e s , t o p i c s fo r f u r t h e r s tudy and 
i n v e s t i g a t i o n a re l i s t e d . 
CHAPTER 2 
TRANSFERRED ELECTRON DEVICES 
10. 
2.1 INTRODUCTORY THEORY: THE TRANSFERRED ELECTRON EFFECT 
The earliest predictions of the transferred electron (TE) 
effect in certain semiconductors were made by Ridley and Watkins [1] 
and Hilsum [2]. ' Later, Gunn [3] experimentally observed transit time 
microwave oscillations which resulted frcm this TE property. The 
past 15 years have seen extensive research into this phenomenon along 
with the development of what are now known as transferred electron 
devices (TED) or Gunn devices; a historical collection of papers deal-
ing with the TE effect.has been piiblished [6] . 
The theory of the TE effect is outlined briefly in this 
chapter. It is assumed that the reader is familiar with the terms 
used. For a more detailed explanation, refer to [7-9]. 
The TE effect arises from the band structure of certain 
compoiond semiconductors, e.g. GaAs, InP. Figure 2.1 shows the 
electron energy versus electron wave number for GaAs and InP. Note 
that; (i) there exist several satellite valleys in the conduction 
band, 
(ii) the difference in energy levels between these satellite 
valleys is less than the band gap energy, and 
(iii) the mobility of electrons in the higher conduction valley 
is less than that of the lower one, i.e. the electrons 
in the upper valley have a higher effective mass. 
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Figure 2.1 Band Structure of GaAs and InP [9]. 
The electrons are normally in low energy, low effective mass 
states near the lowest minimvm in the conduction band. When a low 
value of electric field is applied, the electrons drift, having a 
2 high mobility of approximately 8000 cm /volt.sec. As the electrxc 
field is increased, the electrons become more energetic and begin 
to interact strongly with phonons in the crystal. When the electric 
field is raised to 3 ~ 3.5 kV/cm (GaAs), a significant fraction of 
electrons begins to have energy exceeding the value of the peak loss 
rate due to the generation of optical phonons. As these electrons 
become more energetic, they 'run away' to higher energy levels. I-Jhen 
this field-dependent significant fraction of the electrons in GaAs 
reaches the energy value (.35 eV) separating the two conduction band 
minima shewn in fig. 2.1, electrons transfer to the many empty states 
near the next higher minimum. In this upper region, the electron 
masses are high and thus the electron mobility and drift velocity are 
low. As a result, the average drift velocity gradually decreases as 
the electric field rises above the threshold value of about 3.5 kV/cm. 
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As more electrons transfer to the higher region, the average 
velocity approaches the product of the electric field times the 
mobility y . The dependence of the average electron velocity on 
H 
electric field is given by the curve in figure 2,2. In the negative 
slope region of this curve, the electrons exhibit negative differential 
mobility. Since the current density, J, is given by 
J = nqii E = aE (2.1) 
where, 
n = carrier concentration 
VI = mean mobility of carriers 
q = electronic charge 
o = conductivity, 
a bulk negative conductance in a two terminal device is created. 
2.1.1 DOMAINS 
It can be shewn that a crystal whose velocity-field character-
istic has a region of negati-ve slope will be electrically unstable. 
Consider a wafer of GaAs with an applied voltage such that the field 
E^ lies just above the threshold value for negative differential 
mobility (figure 2.3). When a randan fluctuation of carrier density 
occurs at some point in the crystal, there will be an increase in the 
field locally, and a reduction in electron velocity. Hence the electrons 
ahead of the fluctuation will travel faster and move away leaving a 
depletion layer, while those behind will accumulate. The dipolar 
fluctuation will grow in amplitude until a stable "dcmain" is formed 
as shown in figure 2.3. The drop in average electron velocity 
associated with domain formation results in a fall in total sample 
current. 
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Dislonce Time 
Figure 2 .3 Domain Formation i n GaAs [ 8 ] . 
The donain t r a v e l s t o t h e anode where i t i s e x t i n g u i s h e d . The 
f i e l d , and c u r r e n t , i n t h e wafer then r i s e once aga in and a new dcmain 
i s formed. In t h i s way, p e r i o d i c c u r r e n t o s c i l l a t i o n s a re g e n e r a t e d . 
A l a r g e s i g n a l c u r r e n t - v o l t a g e c h a r a c t e r i s t i c would then c o n s i s t 
of two s e c t i o n s : a s t a t i c p a r t f o r ope ra t ion below t h r e s h o l d where t h e 
c u r r e n t i s d i r e c t l y p r o p o r t i o n a l to the e l e c t r o n v e l o c i t y , and a 
dynamic p a r t f o r ope ra t i on i n the domain mode. F igure 2.4 shows such 
a I-V c h a r a c t e r i s t i c . Note t h a t t h e dynamic c h a r a c t e r i s t i c depends on 
t h e doping x l e n g t h p r o d u c t , N.L. 
15. 
Dynamic 
branch 
Figure 2,4 I-V Characteristic for TE Device [9]. 
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2.2 OPERATION IN A RESONANT CIRCUIT 
The transit time of the domains is given by the effective 
sample length divided by the dcmain velocity. The frequency of 
oscillations is then the inverse of the transit time. If the device 
is operated in a resonant circuit,the oscillations will be constrained 
to occur at a frequency which may not be equal to the transit time 
frequency. Two modes of operation arise when the resonant frequency 
differs frcm the "natural" frequency. 
2.2.1 THE DELAYED DOMAIN MODE 
If resonance occurs above the transit time frequency, the dipole 
domain reaches the anode in less than a single period. As the voltage 
is constrained to be sinusoidal, no new domain is formed because the 
field lies below threshold. Thus there is a delay before a new 
domain is nucleated. Figure 2.5 illustrates this mode of operation. 
The delayed domain mode is not often used in practice. 
2.2.2 THE QUENCHED DOMAIN MODE 
If the voltage across the device is constrained to vary 
sinusoidally at a frequency greater than the transit time frequency and 
if it is large enough such that the field falls below the minimum 
domain sustaining field E , then the dcsnain will be "quenched" before 
it reaches the anode. A new domain forms when threshold is agiin 
reached (Figure 2.6). 
In theory, the frequency of operation in this mode is limited 
only by domain extinction and formation times, if the velocity is 
assumed to be an instantaneous function of the electric field. This 
assvmiption is invalid at frequencies greater tham 50 GHz when the 
intervalley relaxation time is no longer negligible. 
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F i g u r e 2 . 6 The Quenched Domain Mode [ 9 ] . 
xlO'cms-l 
Figure 2.5 The Delayed Domain Mode [9]. 
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2 . 2 . 3 THE L . S . A . MODE 
The L i m i t e d S p a c e - c h a r g e A c c u m u l a t i o n mode, ( F i g u r e 2 . 7 ) , 
d i r e c t l y u t i l i z e s t h e n e g a t i v e d i . f f e r e n t i a l c o n d u c t a n c e of t h e v-E 
c h a r a c t e r i s t i c t o c o n v e r t d . c . t o r . f . power (cf. t h e " s w i t c h i n g " 
mode of power c o n v e r s i o n u s e d i n d o n a i n o p e r a t i o n ) . 
XlO'ems 
Figure 2.7 L.S.A. Mode of Operat ion [ 9 ] . 
In o rde r t o achieve t h i s p r o p e r t y , s e v e r a l c o n s t r a i n t s a r e 
imposed; v i z 
( i ) t h e waveform must be such t h a t the e l e c t r i c f i e l d 
excurs ion through the nega t ive d i f f e r e n t i a l conductance 
reg ion occurs r a p i d l y enough t h a t no apprec iab le space 
charge i s formed, 
( i i ) t h e p o i n t of ope ra t i on must remain in the s iob-threshold 
reg ion long enough t o pe rmi t any accumulated space charge 
t o be d i s s i p a t e d . 
The l a r g e excurs ions of e l e c t r i c f i e l d necessary for t h i s mode 
of o p e r a t i o n r e s u l t in high output powers. 
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2.3 MODELLING THE TE EFFECT 
2.3.1 LITERATURE REVIEW 
Although the L.S.A. mode of operation lends itself easily to 
computer simiolation, dcmain modes do not. For this reason, much 
literature reporting computer/mathematical models for TE devices 
operating in the L.S.A. mode has appeared [10-13], while comparatively 
little has appeared on computer modelling of domain modes. 
One of the first models for dcmain operation was used by 
Heinle [14] to determine the efficiency associated with the different 
domain modes. Ikoma and Yanai [15] used a simple single-frequency 
quenched dcmain model to study the effect of external circuits on the 
behaviour of a Gunn device. The model accounted for the formation and 
extinction of danains but used the same .empirically derived time 
constant for donain growth and quenching. The minimum donain sustaining 
field was taken to be equal to the threshold field. The original model 
was found to be incorrect and subsequently amended [16]. 
Other reported Gunn device models used piecewise linear v-E 
characteristics to simulate domain and L.S.A. operation [17, 18]. A 
lumped model proposed by Roebuck [19, 20] incorporated the nucleation, 
propagation and quenching of single and multiple domains in GaAs. It 
was assumed that the donain maintained its stable domain shape while 
passing through an ideal anode !x>undary. The actual domain was then 
treated as that portion of the apparent domain remaining in the device. 
The model was able to predict the shape of domains although no 
experimental verification could be provided at the time. 
Ito et al. [21] employed computer simulation to determine the 
large signal admittance of an active Gunn device. Discrepancies between 
predicted and measured values highlighted the inadequacies of the model. 
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i nc lud ing the f a i l i r r e to cons ider the e f f e c t of a n o n l i n e a r device 
suscept£mce. Khandelwal and Cur t ice [22] p r e sen t ed a s tudy of a 
quenched mode Gunn-effect o s c i l l a t o r . A phenom.enological model was 
used and i t p rovided an in s t an t aneous c u r r e n t - v o l t a g e t r a n s f e r 
c h a r a c t e r i s t i c f o r the d e v i c e . This c h a r a c t e r i s t i c was composed of 
two s e c t i o n s ; a s t a t i c curve der ived fron exper imenta l sub th re sho ld 
I-V c h a r a c t e r i s t i c s and a dynamic curve for s t a b l e domain o p e r a t i o n . 
The s t a b l e domain c h a r a c t e r i s t i c s were ob ta ined from p r e v i o u s l y 
pub l i shed r e s u l t s . The form of the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c has 
been expe r imen ta l l y v e r i f i e d by i n d i r e c t measurements of e l e c t r o n d r i f t 
v e l o c i t y [23] . 
A d e t a i l e d i n v e s t i g a t i o n of CW and pu lsed ope ra t i on of Gunn 
devices was c a r r i e d ou t by Freeman and Hobson [24] us ing conputer 
s imu la t i on t o determine the behaviour of the e l e c t r i c f i e l d d i s t r i b u t i o n 
w i th in the dev ice . I t was found t h a t t he ohmic end con tac t s s i g n i f -
i c a n t l y in f luenced i t s behav iour . 
More r e c e n t and d e t a i l e d s t u d i e s of the i n t e r n a l dynamics of 
TE devices [25] have shewn t h a t device models such as [22] which a re 
based upon a quenching of space charge by l a r g e a . c . vo l t age swings 
may be inadequa te for exp la in ing the conple te behaviour of X-band 
dev ices a s t he se may undergo c i r c u i t - c o n t r o l l e d o s c i l l a t i o n over a 
wide frequency range even for a . j . voltage, ampli tudes wel l below those 
r e q u i r e d fo r quenching. N e v e r t h e l e s s , t h e Khandelwal model was 
adopted i n t h i s a n a l y s i s of v a r a c t o r - t u n e d waveguide o s c i l l a t o r s s ince 
t h e c u r r e n t - v o l t a g e t r a n s f e r c h a r a c t e r i s t i c could be r e a d i l y o b t a i n e d . 
Also , be ing a phenomenological model, i t provides an i n s i g h t i n t o the 
ope ra t ion of quenched mode o s c i l l a t o r s . 
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2 . 3 . 2 A CURRENT-VOLTAGE MODEL FOR THE GUNN DEVICE 
The model u s e d i s b a s i c a l l y t h a t of Khandelwal and C u r t i c e . 
A l t h o u g h t h e model was f o r m u l a t e d f o r s i n g l e f r e q u e n c y o p e r a t i o n , i t i s 
e a s i l y e x t e n d e d t o t h e m u l t i f r e q u e n c y c a s e [26] . Because t h e f r e q u e n c i e s 
of i n t e r e s t we re i n X-band , domain f o r m a t i o n and e x t i n c t i o n t i m e s w e r e 
s m a l l compared t o p r o p a g a t i o n t i m e s , and so were n e g l e c t e d . F i g u r e 2 . 8 
shows t h e c u r r e n t - v o l t a g e t r a n s f e r c h a r a c t e r i s t i c f o r a Gunn d e v i c e 
w i t h t h e p a r a m e t e r s l i s t e d i n t a b l e 2 . 1 . 
8 10
V (voLts) 
Figure 2.8 I-V Transfer Characteristic for TED. 
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V = 5.2V TH 
I = 250 mA 
TH 
Vg =4.7V 
GUNN DEVICE 
R = 140 
C^= .1 pP 
XJ 
K = 0.385 
K = 0.668 
PAPANffiTER VALUES 
P = 2.10~^m 
Q = 0.6.10"^m/V 
M = 0.6 
A = 0.0714 
a 
A^ = -0.0039 
A = -0.00011 
c 
Table 2.1 
The current belcw threshold is approximated by 
2 3 dV 
I = A V + A^V + A V + C -r-
a D c L dt (2.2) 
where A , A, , A can be ob ta ined from measurements of t h e d e v i c e , 
a b c 
and C i s the low f i e l d device c a p a c i t a n c e . L 
by 
Once a stable donain. has formed, the total current is given 
^ = ^th ^ \ •" 
K^ - K, ^, MR.I„„ 2 1 , ePA -, , , TH 
-] + 11 + (K -K ) — 
2 • •- ^ 2 l' V ,-V^ V - Vc 
TH S 
TH S 
(2.3) 
where 
\ h = 
K„ 
V_ 
TH 
R 
the threshold device current 
the ratio of valley velocity to the peeik velocity of the v-E 
curve i 
the r a t i o of e l e c t r i c f i e l d o u t s i d e the domain (when t h e v o l t a g e 
ac ross the device i s equal t o the domain s u s t a i n i n g device 
vo l t age ) to t h e t h r e s h o l d e l e c t r i c f i e l d E„ 
t h e domain-sus ta in ing device vo l t age 
the t h r e s h o l d vo l t age 
The low f i e l d device r e s i s t a n c e 
TH 
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MfP/Q ~ constants 
V = excess domain voltage 
The first part of the RHS is an analytical approximation to the 
calculated stable domain I-V characteristic, and the second expression 
is the domain displacement current. This current is evaluated from 
— (C V ) where C is approximated by dt D D D 
C = — (2.4) 
D W 
with 
e = the dielectric constant of GaAs 
A = the device area, and 
W = the domain width which may be written as 
W = P + Q V^ . (2.5) 
D 
The domain excess voltage V , assumed to be constant for a 
stable domain, is dependent on the resistivity of the sample. For 
our puirposes, the sample is assumed to be uniform doping and resist-
ivity. A computer s\ibroutine which calculates the instantaneous 
current from the voltage using the model is listed in appendix I. 
Figure 2.9 shows the conduction, domain displacement and low 
field capacitive currents which make up the total device current v/hen 
a TE device, whose parameters are listed in Table 2.1, is siibjected 
to a sinusoidal voltage. ' 
Note that the domain displacement current which is present 
whenever a domain is in transit, provides a large contribution to the 
total current. The 90° phase difference results in a susceptance 
component of the TED admittance. A plot of device susceptance versus 
normalized r.f. voltage is shown in figure 2.10. The domain displace-
ment current is seen to be much greater than the low field capacitive 
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Figure 2.9 Components of TED Current. 
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Figure 2.10 Active TED Admittance, 
26. 
current, a result wliich invalidates the assumption made in [15] . 
Figure 2.10 also shows the device negative conductance as a 
function of normalized r.f. voltage. There is a maximum negative 
conductance and this occurs for amplitudes slightly greater than 
that x-equired for quenching. As the voltage amplitude increases, the 
device spends more of its cycle in the resistive subthreshold region, 
until finally tlie device no longer provides a negative conductance. 
The form of the conductance versus voltage curve agrees with 
reported experimental curves [27-29]. 
2.3.3 DISCUSSION 
The model adopted in this study was a phenomenological one and 
several major assumptions had been made in formulating the model. The 
assumption that domain formulation and extinction times are small 
compared to a period would not be valid for frequencies above X-band. 
Also, doping fluctuations may cause the formation of multiple domains, 
and for large enough r.f. voltages, the modulation of domain width 
may not be negligible. 
Nevertheless, the model satisfied the needs of the study and 
allowed the determination of the admittance of the active device, a 
property which is difficult to measure experimentally. 
Using the parameter values in table 2.1, the admittance of the 
active device was found for a range of bias voltages and oper&ting 
frequencies. The following observations were made of the Gunn device 
admittance: 
(a) the negative conductance had a maximum which decreased with 
increasing bias voltage. 
(b) the susceptance of the device is due f)rincipally to the 
27. 
domain displacement current. Altiiough the instantaneous 
susceptance was heavily modulated by domain formation and 
extinction, the average susceptance remained fairly constant 
with r.f. amplitude. The average susceptance was also a 
decreasing function of bias voltage. 
(c) the output power is maximized for an optimiom. value of load 
conductance (Figure 2.11), which is less than the maximimii 
load conductance the device could negate. This result differs 
frcm the postulate of Eisenhart [30] that power output 
increases with load conductance, G , with max.imum power 
L 
output as G approaches the maximum negative conductance of 
J-i 
the device. Other reported experimental results support the 
model's prediction [31]. 
28 . 
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2.4 THE EFFECT OF HARMONIC LOADS 
The study has so far been concerned with single frequency 
operation of the Gunn device. However, the harmonics have a significant 
effect on the device performance. Carroll [32,33] found that the second 
harmonic loading strongly influenced the performance at the fundamental 
frequency. He postulated that the circxiit was in fact, a self-pumped 
parametric oscillator, the capacitance associated with the domain being 
heavily modulated at the fundamental and its harmonics by the process 
of dcmain formation and quenching. As in a degenerate parametric 
amplifier, the modulation component at the second harmonic gave a 
negative resistance at the fundamental. The condition he derived for 
maximum fundamental power output, namely that the second-hcirmonic 
circuit be tuned to an open circuit resonance was later proposed and 
experimentally verified by others [34,35]. 
Later, computer models of TE quenched dcmain oscillators 
incorporating multi-frequency operation [26,36] predicted that a 
second harmonic canponent may be used to enhance the efficiency of the 
oscillator, with maximum efficiency arising if the phase difference 
between fundamental and harmonic is 3fT/2. 
The influence of the second harmonic was phenomenally observed 
in a waveguide post-mounted oscillator [37]. Large and rapid variations 
in output power were noted as the oscillator was mechanically tuned. 
Analysis of the impedance presented to the device terminals showed many 
resonances at the second harmonic. Hence a power output which varied 
rapidly and irregularly with tuning would be expected as these multiple 
second harmonic resonances were experienced. 
. A review of literature on the subject of second harmonic 
influence gave rise to two possible explanations. The first adopted the 
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view that the second harm.onic enhanced the fundamental negative 
conductance, and hence power, by parametric interaction through the 
modulated domain capacitance. However, experimental studies [38] 
shosved only a decrease in fundamental conductance due to the presence 
of harmonic power. 
The other view, postulated here, is that the second harmonic 
modified the oscillation waveform such as to produce an optimum 
waveshape for power output. Power was maximized when the phasing 
was such that the fundamental had its maxima enhanced and minima 
reduced. The voltage waveform then resembled a "mini-LSA" waveshape, 
in which the extent of operation in the resistive region v/as reduced, 
but the quenching required for increased negative conductance (Figure 
2.10) still occurred. 
CHAPTER 3 
WAVEGUIDE POST MOUNTS 
32. 
3.1 LITERATURE REVIEW 
One of the common diode mounting configurations in waveguide is 
the post mount, in which the solid state device is situated in a gap in a 
post shunting a waveguide (Figure 3.1). The analysis of this mounting 
structure is not as simple as the design. The first analyses were 
basically empirical, but had to suffice for many years [39]. 
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Figure 3.1 Waveguide Post Mount. 
Getsinger [40] analysed some specific mounting configu.rations, 
and his analysis could not be extended to the general case due to the 
restrictions imposed. Other analyses were also limited to particular 
mount configurations, and even gave incorrect results [41,42]. 
A theoretical analysis of a diode post mount was presented in 
1971 by Eisenhart and Khan [43] . An analytical expression for the 
driving point impedance at the gap terminals was derived and verified 
by experiment. For the structure shown in Figure 3.1, and assviming 
matched conditions for the waveguide terminations, the driving point 
impedance was found to be: 
1 
Z 
R It-^-^ 
t. mn If 
(3.1) 
T mn K,^ „ 
m=l gn 
mn -' ak (2-6 )(k ^ -i-k ^ - k ^ ) ^ 
n X y 
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where: 
n ••= free space impedance 
mir , niT , 2TT 
1 n = 0 , „ -, 
5 = ,v , n (0 = 1.8 d 
n 0 n 7^  0 
K . , , s i n 9^, - miTO) 
•^pm = s m k s (—-—'^) 6 = --— 
•^ X 0 m 2a 
m 
K, 1 , , s i n 0xi\ rt J^ """? 
gn = c o s k h (—;^ r -^ ) 0 = - r ~ Y 0n '^n 2b 
E i s e n h a r t a p p r o x i m a t e d t h e round p o s t by an e q u i v a l e n t f l a t 
s t r i p w i t h a w i d t h e q u a l t o 1 .8 t i m e s t h e p o s t d i a m e t e r . The e m p i r i c a l l y 
d e r i v e d f a c t o r d i d n o t a r i s e i s a l a t e r a n a l y s i s by VJ i l l i amson ajid O t t o 
[44] wh ich t ook i n t o a c c o u n t t h e c y l i n d r i c a l fo rm. A g a i n , f o r t h e 
s t r u c t u r e shown i n F i g u r e 3 . 1 , t h e f o l l o w i n g e x p r e s s i o n was o b t a i n e d 
f o r t h e d r i v i n g p o i n t a d m i t t a n c e s e e n a t t h e gap t e r m i n a l s : 
2TTi , 2i/iT ^ kd 1 1 2 ' .- V 1 r mTTh 
• MTTg kd, 
^^"IT^ , 1 ,kd V V I \ . 
= + A^) '-1 
and 
" J 00 
S* = HQ (^) + JQ (^) [ I HQ(2k|n|a) - I HQ(2kina + s|)] 
n=-oo n=-«' 
5^0 
00 00 
^ - \ K f ^ ^ o K f ^ ^ I ^^O^V-I^' - I ^(2q^klnatsi)] 
n=-oo n=-°° 
J , I , K are Bessel Functions 
H is a Hankel Function of the second kind. 
For small gap sizes, the convergence of the series above is slew, 
but the series has a simple asymptotic expansion which is manageable. 
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Although the above express ion approximated the exper imenta l 
da t a of E i s e n h a r t and Khan b e t t e r t han t h e i r own a n a l y t i c a l e x p r e s s i o n , 
the l a t t e r has been more widely adopted for s e v e r a l r e a s o n s , 
( i) E i s e n h a r t ' s a n a l y s i s was pub l i shed approximately 
18 months e a r l i e r , and 
( i i ) i t gave a b e t t e r i n s i g h t i n t o the p h y s i c a l s i g n i f i c a n c e 
of t h e terms of t h e impedance e x p r e s s i o n . 
Following the p i i ) l i c a t i o n of t h e ana lyses of s i n g l e p o s t 
mounts , t he s t a g e was s e t for s i m i l a r t r ea tmen t s of m u l t i p l e p o s t / 
m u l t i p l e gap mounts. El-Sayed [45,46] f i r s t cons idered t h e case of 
a symmetrical p a r a l l e l two-post mount. Following [43 ] , an e q u i v a l e n t 
f l a t s t r i p of 1.8 t imes the p o s t d iameter was used, and c o r r e c t i o n 
f a c t o r s were i n t roduced t o compensate fo r t h e s impl i fy ing assumptions 
of t h e t h e o r e t i c a l model. These c o r r e c t i o n f a c t o r s were determined 
from comparison wi th exper imenta l r e s u l t s . 
The l a t t e r a n a l y s i s of El-Sayed al lowed unequal p o s t and gap 
p a r a m e t e r s , a l though c e r t a i n r e s t r i c t i o n s on t he se parameters s t i l l 
e x i s t e d . The two-post mount was analysed hy ex tending Levi?in's a n a l y s i s 
of a s i n g l e p o s t [47] t o the double p o s t c a s e , i . e . t he s t r u c t u r e was 
cons ide red t o be an o b s t a c l e in a waveguide r a t h e r than an an tenna system. 
Optimum c o n f i g u r a t i o n s f o r v a r a c t o r - t u n e d Gunn o s c i l l a t o r s based upon 
t h e coupl ing between the two gaps were proposed . In the p rev ious y e a r , 
t h e coupl ing between narrow t r a n s v e r s e i n d u c t i v e s t r i p s i n waveguide 
had a l s o been i n v e s t i g a t e d by Chang and Khan [ 4 8 ] . 
The i n s t a n c e of more than one gap in a p o s t was cons ide red by 
E i s e n h a r t [49] who extended h i s p rev ious work t o two g a p s . Mul t i -gap 
p o s t mounts d i d n o t a t t r a c t i n s t a n t p o p u l a r i t y due t o t h e d i f f i c u l t y 
of c o n s t r u c t i o n and b i a s i n g arrangements . However, the s tudy r e s u l t e d 
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in a b e t t e r unders tanding of the coaxial-waveguide j u n c t i o n , i . e . the 
c o a x i a l l i n e e n t e r i n g the broad wa l l of a r e c t a n g u l a r waveguide [ 5 0 ] . 
At the same t ime , the two-gap, s i n g l e p o s t mount was a l s o 
ana lysed by J o s h i and Comick [51] . The der ived two p o r t coupl ing 
network r e p r e s e n t a t i o n was used t o exp la in t h e r e p o r t e d behav iour of 
a v a r a c t o r - t u n e d o s c i l l a t o r i n which the Gunn device and v a r a c t o r were 
mounted in gaps a t oppos i t e ends of a p o s t i n f u l l h e i g h t waveguide 
[ 5 2 , 5 3 ] . 
In o r d e r t o g e n e r a l i z e the a n a l y s i s of waveguide p o s t conf ig -
u r a t i o n s , Jo sh i and Comick extended t h e i r s t u d i e s t o i n c l u d e t h e 
gene ra l m u l t i - p o s t arrangement wi th a gap i n each p o s t , and t h e s i n g l e 
p o s t wi th m u l t i p l e gaps [ 5 ] . 
The case of s t agge red p o s t s , i . e . p o s t s no t l y i n g in the 
same p lane t r a n s v e r s e t o the d i r e c t i o n of p ropaga t ion , has n o t been 
so c l o s e l y examined p r e v i o u s l y . Two cases in which the s t a g g e r e d p o s t s 
were both c e n t r a l l y s i t u a t e d had been analysed in a l e s s d e t a i l e d 
manner, but not a l l of the mode coupl ing between the p o s t s was cons ide red 
[53,54] . The unders tand ing of such mounts f a c i l i t a t e s t h e des ign of 
m u l t i p l e device o s c i l l a t o r s e . g . va . rac tor- tuned s o l i d s t a t e o s c i l l a t o r s , 
s e l f - e x c i t e d frequency mu l t i p ly ing o s c i l l a t o r s and m u l t i - s o u r c e microwave 
g e n e r a t o r s . I t w i l l be shown l a t e r t h a t a s t aggered c o n f i g u r a t i o n a l lows 
g r e a t e r freedon i n design than does a coplanar s t r u c t u r e . 
36. 
3.2 ANALYSIS OF THE MULTI POST MOUNT [5] 
3 . 2 . 1 THE REACTION CONCEPT 
C o n s i d e r two s o u r c e s ( J . , M.) and ( J . , M.) i n a l i n e a r 
~i ~x -j ~n 
isotropic medium enclosed in a volume V. Using the reciprocity 
theorem, one can write: 
jjj (E..J. - H..M.) dV = fjf (E..J. - H..M.) dV (3.3) 
I n o t h e r w o r d s , t h e r e s p o n s e a t one s o u r c e p o i n t due t o a s econd 
s o u r c e i s e q u a l t o t h e r e s p o n s e a t t h e s e c o n d s o u r c e due t o t h e f i r s t . 
L e t t h e r e a c t i o n of f i e l d i on s o u r c e j b e d e f i n e d a s 
< i , j > = J / J ( E . . J . - H . .M.) dV ( 3 . 4 ) 
V ""^  "-* ""^  ~^ 
t h e n < i , j> = < j , i > from (3 .3 ) and ( 3 . 4 ) . 
The r e a c t i o n c o n c e p t can b e a p p l i e d t o c i r c u i t t h e o r y . F o r 
a u n i t c u r r e n t s o u r c e I . = 1 , < i , j> i s a m e a s u r e of V?, t h e v o l t a g e 
a t j due t o s o u r c e i . S i m i l a r l y , f o r u n i t v o l t a g e s o u r c e V. = 1 , 
< i , j> i s a m e a s u r e o f I r , t h e c u r r e n t a t j due t o s o u r c e i . 
< i , j > = - V. I . c u r r e n t s o u r c e 
= - V. I ? v o l t a g e s o u r c e ( 3 . 5 ) 
j 1 
F o r a l i n e a r N - p o r t c i r c u i t , 
N 
V. = y Z. . I . i = 1 t o N ( 3 . 6 ) 
3=1 -^  -" 
where 
V. . 
Z. . = — ^ ( a l l p o r t s / j open c i r c u i t e d ) 
< j / i > 
I . I . 
1 3 
The N - p o r t n e t w o r k can t h e n be c h a r a c t e r i z e d by t h e impedance m a t r i x 
[ Z , .] . 
We can a p p l y s i m i l a r r e a s o n i n g i n f i e l d t h e o r y . C o n s i d e r an 
a n t e n n a n e t w o r k w i t h m u l t i p l e f e e d s . I f I . , I a r e t h e c u r r e n t s i n 
1 3 
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feeds i, j respectively, then the imxtual impedance, or coupling, is 
given by: 
2.. =.l5ij_Jl = _ ^ ^ II E..J. dS (3.7) 
jx I.I. I.I. i ~i ~1 
where E. is the field in feed j due to the current density J. in feed 
-X ~x 
i, and J. is the cu.rarent density in feed j. 
J 
It cari be shewn that Z, . is stationary with respect to 
variations in the current density disti"ibution J. [55], hence a 
solution can be obtained using a trial current density distribution 
and variational techniques. 
3 . 2 . 2 IMPEDANCE MATRIX FORMULATION 
I t i s d e s i r e d t o r e p r e s e n t a N~pos t mount ( F i g u r e 3 .2 ) 
by an impedance n ^ t r i x Z. Thus Z , . would r e p r e s e n t t h e i n p u t d r i v i n g -
p o i n t impedance a t t h e gap t e r m i n a l s of p o s t i , and Z^ wou ld be t h e 
t r a n s f e r impedance b e t w e e n g a p s j and i . F o l l o w i n g [ 4 3 ] , t h e p o s t s 
a r e r e p l a c e d by eqxo iva l en t s t r i p s of w i d t h co = 1.8 d , a n d t h e 
a s s u m p t i o n s t h a t u n i f o r m c u r r e n t d e n s i t y d i s t r i b u t i o n e x t e n d s a c r o s s 
t h e s t r i p and un i fo rm e l e c t r i c f i e l d d i s t r i b u t i o n e x i s t s i n t h e gap 
a r e made. 
y 
I. 
9; ± T 
d: 
Tu 
-*H 
! 
-«»- X 
y 
z=0 
L: 
Figure 3.2 Parameters fo r the i t h P o s t of an N-post Mount. 
GREEN'S FUNCTION: For the mounts cons idered h e r e , only the 
yy ccmponent of t h e dyadic Green ' s funct ion i s of i n t e r e s t s i n c e t h e 
p o s t s a re v e r t i c a l and i t i s only necessa ry t o cons ide r y - d i r e c t e d 
c u r r e n t d i s t r i b u t i o n s . The Green 's func t ion fo r a s i n g l e p o s t as in 
Figure 3 .1 i s then 
« CO (2-6 ) (k^ -k„^ )exp( - r | z - z ' l ) 
G ( x , y , z / x ' , y ' , z ' ) = YY Z Z, 
n=0m=0 abk^ r 
mn 
3 9 . 
s i n ( k ^ x ) . c o s ( k y ) . s i n ( k ^ x ) . c o s ( k y ) 
where"" T = (k ^ + ]c ^ _ k ^ ) ^ (3 .8 ) 
mn X y 
F o r a f i r s t a p p r o x i m a t i o n t o t h e c u r r e n t d e n s i t y , a d i s t r i b u t i o n i s 
u s e d which c c n s i s t s of a g e n e r a l o r t h o g o n a l s e t of c i r c u l a r f u n c t i o n s 
t h a t c o r r e s p o n d t o t h e G r e e n ' s f u n c t i o n f o r s i m p l i c i t y . Thus f o r t h e 
i t h p o s t o f a m u l t i - p o s t mount , a t r i a l c u r r e n t d e n s i t y J . i s 
c h o s e n , 
J . ^ ( x , y , z ) = y J . u, (x) u . (y) 6 ( z - L . ) ( 3 . 9 ) 
~ x ~ o x X X X 
where 
«> 2 -6 
, . V / i^ v ,^x inirx X . miTx, 
u . (x) = ) ( ) (A. cos — - + B. sxn -) X ^, a xm a xm a 
m=l 
u . (y) = y ( ^ ) ( A ^ c o s ^ + B^ s i n S I Z ) X ' \ b xn b xn b 
n = l 
V V v V 
I t i s now n e c e s s a r y t o f i n d v a l u e s f o r t h e A. , B. , A. and B. 
xm xm xn xn 
coe f f i c i en t s . 
I f t h e f l a t s t r i p a p p r o x i m a t i o n i s u s e d w i t h t h e assiomption 
o f u n i f o r m c u r r e n t d e n s i t y a c r o s s t h e s t r i p , t h e n 
mir s. s i n 9 . 
, X X i m , - , nr . \ A. = u). cos — s ( 3 . 1 0 a ) 
xm X - Q 
 
a 
mirs. 
X 
 
9. 
xm 
s i n 6 . 
xm B^ = oj. s i n 5 - ^ ^ (3 .10b) 
xm X a 9 . 
xm 
miro). 
0. = 2^  ( 3 . 1 0 c ) 
xm 2 a 
The e l e c t r i c f i e l d d i s t r i b u t i o n can b e found from 
j n j . CO 00 ( 2 - 6 ) ( k ^ - k ^ ) 
ox r r n v v x . , 
E. ( x , y , z ) = - y —TT— ) ) -7; ^^— . A. B. sxn k x 
~ i -^  ~ abk ^- ^. r xn xm X 
n=0 m=l mn 
c o s k y e x p ( - r | z - L . i) ( 3 . 1 1 ) 
y mn ' x ' 
(The o r t h o g o n a l p r o p e r t i e s of t h e i n t e g r a t i o n have removed d e p e n d e n c e 
X V 
on A. and B. ) . 
xm xn 
P r o v i d e d t h e gap s i z e s a r e s m a l l r e l a t i v e t o t h e w a v e g u i d e 
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height, the fields in the gap can be taken as unifonia. Then, 
V. 
E . = -y - i V.(y) V.(x) 6(z-L.) (3.12) 
~gx ~ g. X X X 
where 
0 3 . U ) . i i V. (x) = 1 s. —- ^ X < s, + —- ; z. = L. X x 2 x 2 x x 
= 0 elsewhere 
2-6 
-(Y) = I ( - ^ ) S. cos ni m. 
_ ^ xn b 
n=0 
"V." i s the voltage across gap i and the S. are normalized expansion 
coefficients. Note that as a rectangular waveguide wil l not suppoii: 
y-directed sinusoidally varying E f ie lds , the v(y) consists only of 
cosine terms. Knowing that 
V. (y) = 1 h. - ^ < y < h. + ^ 
= 0 elsewhere 
the S. can be found. 
xn 
nTTh. sin 0. 
S. = g. cos —-— jz (3.13a) 
xn X b 0. 
xn 
niTg. 
^ n = - ^ (3.13b) 
The power flew from the gaps can be calculated using 
P = ff E .(x,y,z) . J . (x ,y ,z) dx dy (3.14) 
s '3'- ^ 
After integrat ion, the pcwer flow for the ,nth spatial harmonic i s 
g- ven by 
2-6 niTh. sin 0, 
V = V . J . .A^ i—rr^) cos -—-i — ^ ^ " 0), (3.15) 
n X ox xn b b 0. x 
xn 
Recalling the voltage and current concepts, th i s power can be defined 
as the product of the gap voltage and the nth spat ial harmonic 
component of current. 
4 1 . 
P = V . I ( 3 . 1 6 ) 
n n 
t h u s 
2 -6 n-rrh. s i n 0. 
^ , n, _y ^ 1 xn ,_ ^ _. I = (—r—) A. J . w. cos —-— — ( 3 . 1 7 ) 
n b xn ox X b 0. 
xn 
The N X N impedance m a t r i x c h a r a c t e r i z i n g t h e N - p o s t mount 
may now be d e t e r m i n e d . R e c a l l i n g ( 3 . 7 ) , 
Z.. = z . . - ^^^i^J^ = - _A_ II E . . J^dxdy 
3X XT I . I . I . I . •';' ~x ~x ^ 
•^ -^ X 3 X 3 S 
2 . . = - , - , - . , ( t ) dx d y ; ( 3 .18 ) -— r f E..J. i i n I . I , \ •'„ ~x ~3 
xn 3n x=0 y=0 •" 
2 2 "'" 
, (k - k ) oo K. K. e x p ( - r L . . ) 
^ • b _Y y xpn jpm mn x j 
^ ' a k ( 2 - 6 ) ^ , K. K. r 
n m=l xgn 3gn mn 
where L, , i s t h e z d i s p l a c e m e n t b e t w e e n p o s t s i a n d j , and 
s i n 9 . 
1 x m , ^  , ^ > K. = sxn k s . r ( 3 . 1 9 a ) 
xpn X X 9, 
^ xm 
s i n 0 . 
K. = c o s k h . — i ^ (3 .19b ) 
xgn y X w. 
xn 
For i = j , t h e d r i v i n g p o i n t impedance a t gap i i s g i v e n 
2 2 2 
by , k - k ~ (K . / K , ) 
k (2 -6 ) m=l mn 
n 
R e w r i t i n g ( 3 . 1 8 ) , 
Z . . = ^ Z (-iHL__3HL) e ^ p ( _ r L . J ( 3 .21 ) 
x.in ^, mn K. K . mn x i 
m=l xgn j g n 
Where Z i s t h e mode p a i r impedemce d e f i n e d i n ( 3 . 1 ) . 
From t h e s e e x p r e s s i o n s , t h e e l e m e n t s of t h e i n p e d a n c e m a t r i x 
d e s c r i b i n g t h e c o u p l i n g ne twork f o r t h e n t h s p a t i a l h a r m o n i c may be 
d e t e r m i n e d . Fron b a s i c c i r c u i t t h e o r y , an e q u i v a l e n t c i r c u i t may b e 
c o n s t r u c t e d which i l l u s t r a t e s t h e c o u p l i n g e f f e c t b e t w e e n g a p s . T h i s 
e q u i v a l e n t c i r c u i t e s t a b l i s h e s t h e r e l a t i o n s h i p b e t w e e n t h e gap v o l t a g e s 
and the . n t h s p a t i a l h a r m o n i c ccmponen t s of c u r r e n t . As t h e t o t a l c u r r e n t 
42, 
the complete network is then the parallel coffibination of all the individ-
ual networks. 
A complete equivalent circuit for a multiple post mount would 
contain a doubly infinite number of impedance matrix elements. In 
practice, it is found that only a finite number of these elements are 
significant for a specified accuracy. 
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3.3 GENERALIZED W.AVEGUIDE TEP>1INATI0NS 
The analysis presented by Joshi and Comick [5] assumed matched 
conditions for the waveguide port terminations. This limited the gener-
ality of the analysis and restricted its application. 
Note: A recent publication [56] by the same autliors did extend the 
work to include the case when tlie two waveguide ports were generally 
terminated. They adopted a similar approach to the problem, and the 
resulting expressions agreed with those derived by the author below. 
In order to account for the influence of waveguide terminations, 
-a termination factor, x. . , was inti^ oduced. The i, j subscripts refer 
X3mn -" 
again to the posts and the m, n subscripts specify the particular mode 
of interest. Eisenhart [57] found that for a single post mount in a 
loaded guide (Figure 3.3), 
Amn 
[1 + p e'^ i^^ n-^ l] [1 + o p-2rmn'^ 2 Pr-. e 
Bmn 
mn 1 - P p e Amn Bmn 
-2T^^ai+l2) (3.22) 
where p, , p are the reflection coefficients for the mn mode at 
Amn Bmn 
the respective termination. 
"AmnI 
s-
f, B, mn 
Figure 3.3 Single Post Mount in Loaded Guide. 
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The mode p a i r impedances Z i n the s i n g l e pos t a n a l y s i s were 
then rep laced by Z^ ^^  , the t e rmina ted mode p a i r impedance where 
.Tmn 
Z ^^  Z T 
Tmn mn' ran 
(3.23) 
A s i m i l a r method was adopted i n the m u l t i - p o s t a n a l y s i s 
r e s u l t i n g in the c r e a t i o n of a t e r m i n a t i o n f a c t o r ma t r ix [T ] . The 
mn 
elements of the nth mode terminated impedance matrix were then given 
by 
Z^.. = l z . T . . [ ! i e 5 J j £ E ] e-^mnLij 
Txjn ''- mn X3mn K. K. 
m=l xgn jgn 
and the elements of the termination factor matrix were calculated 
usxng [1 + p e"^ i^nn^ Ai] [1 + p e'^ n^'nLBjj 
Amn "^ Bmn 
X3mn [1 - P P e 
^Amn ^ Bmn 
-^rmn^^Ai+LBj+Lij)-, (3.25) 
where L . is the distance from post i to the nearest terminal plane 
A, and s i m i l a r l y 
L . is the distance from post j to its nearest terminal plane 
B. (Figure 3.4). 
Note that T.. = T.. as required by reciprocity considerations. X3mn 3xmn J r- j 
e ^
mn 5 
post 
LAi i^j 
post 
j 
LBi 
if 
g Bmn 
Figure 3.4 Multi-post Mount in Loaded Guide. 
45. 
Accurate analysis of multi-post structures facilitates the 
design of multiple device oscillators [58]. Recently, optimum circuit 
conditions were proposed for the power combining of up to six devices 
[59], but the equivalent mount circuits used in the realization of 
these conditicns were crude approximations. Using the multipost. 
admittance matrix concept, it should be possible to design accurately 
waveguide mounts providing the required circuit impedances. 
4 6 . 
3 . 4 THE TWO POST WAVEGUIDE MOUNT 
In add i t ion t o the s i n g l e - p o s t mount, two-post mounts a re 
a l s o used i n o s c i l l a t o r d e s i g n s . Waveguide VCOs have a Gunn or 
IMPATT device i n one gap and a v a r a c t o r diode i n the o t h e r t o p rov ide 
e l e c t r i c a l t un ing . The g e n e r a l i z e d m u l t i - p o s t a n a l y s i s of t h e 
p reced ing s e c t i o n s h a l l now be a p p l i e d t o the p a r t i c u l a r exairiple 
of a two-post mount. 
I f t h e tv/o gaps a r e viewed as the p o r t s of a two p o r t 
network desc r ibed by the impedance ma t r ix [Z] where 
[Z ] 11 12 
21 22_ 
then an equivalent -T circuit can be derived (Figure 3.5) to represent 
the network. Note that a reciprocal network requires Z = Z . The 
analysis of the previous section showed that a coupling network existed 
for each nth spatial harmonic mode, described by 
[Z„] z z l l n 12n 
^ 2 I n ^22n 
0 — 
gap 
1 
^11 ~ ^ 1 2 
0-
-12 
2 2 2 " ^ 1 2 
gap 
2 
Figure 3.5 T C i r c u i t R e a l i s a t i o n for 2 -por t Network, 
The cemplete network c o n s i s t e d of t h e p a r a l l e l combination of a l l 
such mode networks . Hence t h e r equ i r ed e q u i v a l e n t c i r c u i t for a two p o s t 
mount would c o n s i s t of a p a r a l l e l cembination of an i n f i n i t e number of 
T~networks. Each element of the T c i r c u i t i n t u r n , would be composed 
4 7 . 
r 
/ 
/ 
'^Q^\ T-Qln 1 •-bmnf L - - - — ] 2b2n - ^bln 
-cnn 
Zcln 
^aml 
1 
2b m1 2b21 
-r-j^bmOp' •b20 -bio 
Zen 
-amn •^Tllmn 
^cmn ^ T12mn 
•T12mn 
^bmn Zj22mn 2Tfj2mn 
Figure 3.6 Coupling Network between Gaps shewing Individual 
Mode Contributions. 
This seemingly conplex network can be reduced to a simple IT 
equivalent circuit by a series of star/delta transformations permitted 
by the orthogonality of the waveguide modes. 
For any given post confd.guration such as shown in Figures 
3.7(a) and (b), an equivalent circuit can be determined which models 
the admittance seen at the gap terminals and the corpling between gaps 
at a given frequency. 
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(a) 
9iTr ? 2u T 
-»J 
(b) 
"12 -*+*-
(c) 
GAP 
1 
Y, 
Y B 
Yr GAP 
2 
Figure 3.7 (a) and (b) General Two Post Mount. 
(c) Equivalent -n Coupling Circuit. 
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A procedure for calculating the elements of the TT equivalent 
circuit is shown in Section 3.5. This algorithm can be programmed to 
allow for execution by computer. The algorithm was programmed in 
FORTRAN for use on a D.E.C. PDPll/40 and a listing is shown in 
Appendix II. 
Programming Notes: 
(i) Infinite summations over m and n, the mode indices, occur 
in the algorithm. In their analyses, Eisenhart [57] and Joshi [5] 
determined the number of terms to be included from mount parameters, 
a. 
Summation over m was to include M values where M = -—r-r— (for whichever 1.8d . 
1 
o 
i / d . r a t i o v;as g r e a t e r ) . Sijxiilarly summation over n va lues inc luded 
N terms where N i s the g r e a t e r of the i / g . . For n = 0 , summation over 
m was up to 2M. While t h i s approach u s u a l l y covered a l l s i g n i f i c a n t 
terms i n the siimmation, t h e r e was no quarantee t h a t s lowly converging 
s e r i e s would not be premature ly t r u n c a t e d , o r t h a t h i g h e r o rde r terms 
which had become s i g n i f i c a n t due to decoupling of low o rde r modes would 
no t be excluded. 
To overcome t h i s problem, the prograiiraing allowed for the 
summation of a l l terms in a s e r i e s which were g r e a t e r than a s p e c i f i e d 
f r a c t i o n of t h e f i r s t t e rm. The f i r s t term was u s u a l l y of the g r e a t e s t 
magnitude, bu t for the cases i n which i t was n o t , t he accuracy was 
i nc rea sed r a t h e r than d iminished . In most i n s t a n c e s , a l l terms g r e a t e r 
than one-ha l f of one p e r c e n t of the f i r s t term were inc luded i n the 
summation. 
C a l c u l a t i o n of the e q u i v a l e n t c i r c u i t e lements took approximately 
15 seconds C.P.U. on the PDPl l /40 . 
( i i ) In o rde r t o account for the d e v i a t i o n s fran the assumed 
5 0 . 
f a c t o r s [5] were u s e d f o r mode p a i r impedances of n o n - p r o p a g a t i n g modej 
h a v i n g n = 0 , 
Z . . ' = Z (1 - cos/a) i = 1 , 2 ( 3 . 2 6 ) 
xxmo xxmo -^  
0 3 + 0 ) 
Z.,„ ' = Z . . (1 - - ^ V ^ ) (3.27) 
12mo 12mo 4a 
These c o r r e c t i o n f a c t o r s a r e a p p r o x i m a t e l y u n i t y f o r s m a l l ajj_/a a n d 
were a p p l i e d o n l y t o t h o s e modes (n = 0) h a v i n g modal v a r i a t i o n 
s o l e l y i n t h e x - d i r e c t i o n . 
( i i i ) The p h a s e s h i f t s i n t r o d u c e d by t h e f l a t s t r i p 
a p p r o x i m a t i o n of f i n i t e d i a m e t e r p o s t s was a c c o u n t e d f o r by t h e 
i n t r o d u c t i o n of- a r e a c t a n c e jX- i n s e r i e s w i t h t h e wavegu ide t r a n s -
m i s s i o n i m p e d a n c e s . The X was c a n p r i s e d of r e a c t a n c e s due t o each 
p o s t . 
X = X ., + X ^ ( 3 . 2 8 a ) 
s s i s2 
ird 2 ^ ^ ' 
X . = - 2Z {—) {—-) s i n (—^) i = 1 , 2 ( 3 . 2 8 b ) 
sx ram X a a 
g 
O b v i o u s l y , o n l y p r o p a g a t i n g modes a r e a f f e c t e d by t h i s a d d i t i o n . 
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3.5 AN ALGORITHM FOR THE CALCULATION OF THE -fi EQUIVALENT OF A TWO 
POST MOUNT 
INPUT DATA: 
F r e q u e n c y 
G u i d e d i m e n s i o n 
P o s t d i a m e t e r s 
P o s t p o s i t i o n s 
Gap t h i c k n e s s e s 
Gap p o s i t i o n s 
P o s t s e p a r a t i o n 
R e f l e c t i o n c o e f f i c i e n t s 
CALCULATE POST AND GAP 
k = H 1 
X a 
miro). 
e. = , ^ 
xm 2 a 
K. = s i n k s . 
xpm X X 
K . = c o s k h , 
x g n y X 
CALCULATE MODE PAIR 
r = / k 2 ., k 2 _ 
mn X y 
K k2 - k 2 
r, - • ^ V 
mn '^^  a k (2 -6 ) 
n 
IMI 
k2 
m 
a , b 
\ ' ^ 
\ ' '2 
^1' ^2 
\ ' \ 
H2' \' S 
' ^ Imn ' '^2mn 
COUPLING COEFFICIENTS: 
1 nir 
to. = 1 . 8 d . 
X X 
s i n 9 . 
xm 
9. 
xm 
s i n 0 . 
xn 
0. 
x n 
=E DANCES: 
1 
r 
mn 
k = 
0. 
xn 
i = 
i = 
2Tr 
nirg. 
X 
2b 
1 , 2 
1 , 2 
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CALCULATE ' 
limn 
22mn 
T 
12mn 
[1 
[1 
[1 
FERMINATION FACTORS: 
-f. p • e-2^^Ll] [1 -f p^ e-2^«^'^12+L2) 
Imn 2mn 
a - p p 3-2rmn(Li+Li2tL2) 
Imn 2mn 
+ p, e-2^™^^^1+^12' ] [1 + p e-2^ ">^ 2^;, 
Imn ^2mn 
[1 - p p e-2rmn(Ll+Li2tL2) 
^Imn ^2mn ^ 
+ p, e~2rmnLl][i + p ^-2Tmn^2^ 
Iran 2mn 
[1 _ p p e-2rmn(Ll+Ll2+L2)] 
Iran 2mn 
CALCULATE n MODE IMPEDANCE MATRIX ELEMENTS: 
z„- • Tx3n 
00 
CALCULATE ] 
\ = 
^B = 
^C = 
00 
I 
n=0 
CO 
I 
n=0 
00 
I -
n=0 
, mn i jmn K . K . 
I xgn 3gn 
ELEMENTS OF IT EQUIVALENT CIRCUIT:"" 
^\22n ~ ^ T12n^ 
2 
rz z — 7 1 
^ Tlln T22n Tl2n •  
Z 
Tl2n 
2 
rz z — z 1 
Tlln T22n Tl2n ^  
^\lln " \l2n^ 
^^Tlln T22n ~ \l2n ''' 
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3.6 EQUIVALENT CIRCUITS OF PACKAGED SOLID-^STATE DEVICES 
Most s o l i d - s t a t e microwave devices e x h i b i t c e r t a i n p r o p e r t i e s 
and behaviour which can be modelled by an e q u i v a l e n t e l e c t r i c a l c i r c u i t . 
Note t h a t t h e equiva. lent c i r c u i t may no t s t r i c t l y r e p r e s e n t the 
e l e c t r i c a l p r o p e r t i e s of the device p h y s i c a l s t r u c t u r e , bu t i s 
meant p r i n c i p a l l y to model t h e d e v i c e ' s behaviour-. Furtheinnore, an 
ecjuivalent c i r c u i t i s only an approximation as 
( i ) I t uses lumped elements t o model a d i s t r i b u t e d e f f e c t , 
and ( i i ) A f ixed l\miped-element network would be only accura te 
fo r a l i m i t e d bandwidth s ince t h e device p r o p e r t i e s may 
change s i g n i f i c a n t l y wi th f requency. 
Commercial microv/ave s o l i d - s t a t e devices u s u a l l y c o n s i s t of 
the device chip encapsu la t ed i n f a i r l y s t a n d a r d con ta ine r s as shown 
in Figure 3 . 8 . Although microwave i n t e g r a t e d c i r c u i t s (MIC) may use 
unpackaged semiconductor ch ips mounted d i r e c t l y on m i c r o s t r i p or 
s t r i p l i n e c i r c u i t s , most waveguide a p p l i c a t i o n s u t i l i z e encapsu la t ed 
dev ices . 
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top cap 
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GaAs die 
ceramic 
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•< heat sink 
MUILARD CXY16C 
Figure 3.9 Die Mounting Arrangement. 
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Figure 3.9 shows the typical mounting arrangement of a semi-
conductor chip in an X~barid pill package. One side of the semiconductor 
die is bonded electrically and mechanically to one of the end cpas. 
The opposite face is connected to the other end cap using one or 
more lead wires or bonding straps, the whole capsule being hermetically 
sealed. 
While such capsules are convenient for handling, electrically 
they are a source of parasitics which degrade the performance obtainable 
from the chip. In designing circuits containing encapsulated devices, 
or in deducing the characteristics of the semiconductor die from 
measurements of the packaged ccxnponent, the package must be properly 
modelled. 
The presence of these parasitic package ccsmponents has been 
long recognized by circuit designers [60, 61]. Getsinger [40] 
considered the packaged and mounted devices from a microwave circuit 
basis and derived a lumped element equivalent circuit which accurately 
predicted the device's behaviour. The equivalent circuit for a 
varactor diode in an X-band pill package (Figure 3.8(b)) is shown in 
Figure 3.10(a). For practical varactors with Q >> 1, the circuit can 
be reduced to that shown in Figure 3.10. (b) , where 
R 
\ = (1 f Cp/C^) (3-29^) 
C^ = Cp + C^' (3.29b) 
With the development of so l id s t a t e microwave sources, 
packaged act ive devices became popular for microwave c i r c u i t s . The 
low cos t , compactness and r e l i a b i l i t y of devices such as the Gunn and 
IMPATT diodes resul ted in t h e i r widespread use in low power applicat ions. 
Pence [62,63] developed a method for the determination of a broadband 
55. 
(a) 
(b) 
c pv 
Rv 
Figure 3.10 Equivalent C i r c u i t of Packaged V a r a c t o r . 
e q u i v a l e n t c i r c u i t of a packaged Gunn dev ice . At the same tLme, o t h e r 
workers [64,65] improved on the simple -n model of Gets inger t o give an 
a c c u r a t e , mount- independent e q u i v a l e n t c i r c u i t of the S4 (Figure 3 .8(b)) 
dJode package. 
In g e n e r a l , t he e q u i v a l e n t c i r c u i t of a packaged Gunn device 
i s of t h e form shown in Figure 3 . 1 1 . Modelling of the a c t i v e device 
i t s e l f was d i scussed i n c h a p t e r 2. C h a r a c t e r i z a t i o n of device packages 
w i l l be o u t l i n e d i n c h a p t e r 5 . 
57. 
active 
device 
Figure 3.11 Equivalent Circuit of Packaged Gunn Device. 
A bibliography of diode mount literature is listed on 
pages S8-60. 
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CHAPTER 4 
ANALYSIS OF A WAVEGUIDE, VARACTOR-CONTROLLED 
TRANSFERRED ELECTRON OSCILLATOR 
62. 
4.1 INTRODUCTION 
Although waveguide VTCO's have found v^ idespread use in 
military and telecommunication applications, their design to date 
has been largely empirical. For low-noise applications, a high 
Q cavity is required and thus full height waveguide cavities a.re 
suitable. The Gunn and varactor diodes can either be mounted in 
the same post, or more commonly under separate posts. While high Q 
cavities provide low noise and excellent temperature stability 
[66-68], poor electronic tuning can result if the varactor is not 
p.roperly coupled to cavity and the active device. In most instances, 
there must a compromise between frequency stability and electronic 
tunability, as the coupling of varactor degrades the cavity Q [69]. 
The placement of the posts and the position of the diodes in the posts 
determine the coupling between diode and cavity, and hence the resultant 
behaviour of the VTCO. For an optimum design, a detailed analysis of 
the mount is mcindatory. 
In this chapter, the two-post mount analysis of Chapter 3 will 
be applied in the study of a theoretical oscillator. Anomalous behaviour 
in the oscillator will also be explained with the aid of the equivalent 
circuit model. 
6 3 . 
COUPLING ^ 
TO LOAD 
Figure 4.1 VTCO Structure. 
Figure 4.2 VCTO Equivalent Circuit Model 
6 4 . 
4.2 OSCILLATOR ANALYSIS 
4.2.1 THEORY 
The configuration shown in Figure 4.1 is typical of commercial 
VTCOs availcible today. The analyses in Chapter 3 allow a complete 
equivalent circuit to be constructed; shown in Figure 4,2. Using the 
results of the TED model study reported in Chapter 2, an equivalent 
circuit for the active chip can be constructed. The simplest ci.rcuit 
consists of a capacitance in sh'ont with a nonlinear negative conducta.nce 
(Figure 4.3). Although the caiJacitance is not strictly independent of 
amplitude, it may be considered as such for the purposes of this study. 
o-
G(v) Cr 
v^-Yo(w,v) 
-o 
Figure 4.3 Device Equivalent Circuit and Reduced Circuit Impedance. 
With the aid of basic circuit theoz-y, it is possible to calculate 
the admittance presented to the device terminals. Denote this ccmplex 
circuit admittance by Y (u). It is assumed that the r.f. signal is much 
c 
less than the va.ractor bias voltage, and .that the capacitance does not 
vary appreciably with r.f. voltage. The circuit admittance can then be 
taken as linear. (The case where the circuit admittance is a function of 
applied voltage is treated in Chapter 6) . 
Denote the admittance of the Gunn device by Y (to, v) . 
Yj^ (w, v) = - G (v) + jw C (4.1) 
Oscillator theory requires that for oscillation at frequency u , 
6 5 . 
Cons ide r i rg the r e a l and imaginary coi-nponents of equat ion (4.2) , 
- G^(v) + Re [Y-(u^)J = 0 (4.3a) 
D Vj u 
where G (v) is the average device conductance over a cycle, and 
JCOQ Cg + Im[Y^(w^)] = 0 (4.3b) 
Equation (4.3b) is known as the Zero Reactcince Criterion for oscillation, 
and specifies the frequency of oscillation. With the aid of equation 
(4.3a), the amplitude of oscillation can be determined provided t.he 
function G (v) is known. 
/ V [- G (v) + Re [Y (w )]] dt = 0 
0 
, 2Tr , ., . , , 
where T = — . The average cond.uctance i s given by 
0 
(4.4) 
/n -v^G^(v) dt 
G ^ ( , ) = _ 0 _ ^ (4.5) 
Jo ^  dt 
To vary the frequency of oscillation, either Y , Y or both 
are changed. Y may be altered by varying the Gunn device operating 
parameters such as bias or temperature. In practice, the favoured 
method is to vary Y by either altering the physical parameters of the 
cavity (mechanical tuning) or changing the electrical property of a 
device in the oscillator (electronic tuning). Typical devices are 
yttrium iron garnet (YIG) spheres and varactor diodes. YIG tuning 
utilizes a magnetic field to chrnge the inductance of a YIG sphere. 
Wide bandwidths are possible but the method does not allow for rapid 
tuning. Varactor tuning, in which the pn junction capacitance of a 
reversed-biased diode is modulated by varying the biasing voltage, 
is both fast and simple. 
To illustrate the use of equivalent circuit models in determining 
oscillator behaviour, a test oscillator structure will be studied. The 
66. 
mount and device parameters are l i s t e d in Table 4 . 1 . (These va lues were 
chosen so t h a t the r e s u l t s may be canpared with those in a r e c e n t 
p u b l i c a t i o n , r e l e a s e d v/hile t h i s work was i n p rog res s [ 7 0 ] ) . 
TABLE 
a 
b 
^1 
^2 
'^l 
S 
^1 
^2 
% 
^2 
^1 
h 
^12 
4,1 Parameters 
Mount 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
" 
= 
22.86 ram 
10.16 mm 
11.43 mm 
4.43 mm 
4.8 mm 
3 .8 mm 
5.08 mm 
5,08 mm 
1.6 mm 
1.6 mm 
50.0 mm 
8.0 mm 
11.0 mm 
of a Waveguide O.scillator 
Guim Device 
C^ = .1 PI' 
L = .435 nH 
SD = -'-'^^ 
Varactor 
C = .1 pF 
PV ^ 
I, = .435 nH 
R = 1.0 f^  
C^ = .75 pF 
Terminations 
. 
p, = 0.0 Amn 
Pc = -1-0 
Bmn 
Fig'ure 4.4 shows t h e v a r i a t i o n of the admit tance p r e s e n t e d 
t o the device t e r m i n a l s wi th frequency. Note t h a t Y ^{bi) exper iences 
a resonance a t s l i g h t l y above 11 GHz. Figure 4.5 gives an expanded 
view of p a r t of the curve in Figure 4 . 4 . Also shown in Figure 4 .5 
i s t he locus of - Y (ca, v) fo r va r ious va lues of cu. The s o l u t i o n of 
equa t ion (4.3b) i s g iven by the i n t e r s e c t i o n of t h e - Y (co = 11.38 GHz, v) 
curve witli the Y (co) curve a t w = 11.38 GHz. Hence the frequency 
of o s c i l l a t i o n w i l l be 11.38 GHz. Figure 4 .6 shows p a r t of the admit tance 
curve for a new va.lue of L„, the d i s t a n c e t o t h e s h o r t c i r c u i t p lane 
having been inc reased from 8.0 t o 10.0 mm. Note t h a t t he i n t e r s e c t i o n 
of t h e Y (03) and - Y (co, v) curves now occurs a t 10.935 GHz. The change 
3.n the shor t p o s i t i o n has had the e f f e c t of s h i f t i n g the resonance i n 
67. 
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Figure 4.4 Circuit Admittance Locus Y (to) C 
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Figure 4.5 Intersection of Y^ (aj) and - Y (w, v) Curves. 
(L = 8.0mm) 
6 9 . 
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Y (.0)) to a lower frequency and changing the frequency solution to 
equat.ion (4.3b) . In this, way, the short-<;ircuit plunger can be used 
to tune the oscillator. 
4,2.2 STABILITY 
Although there are two intersections of the Y and - Y 
curves in the complex admittance plane in Figures 4,5 and 4.6, only 
one intersection in each represents a stable operating point. Study 
of the admittance loci of the active and passive sections of the 
oscillator circuit leads to the establishment of a stability criterion 
[71,72] . 
For steady state free i-unning oscillations, 
^D^"o' ^^  "^  ^ C^'^0^ " ° ^^ '^ ^ 
If Y^(w) = G^(w) -V j Bj^ (w) and Yj^ (v, w) = - G^(v) + jBj^ (v, to), 
t h e n r e w r i t i n g e q u a t i o n 4 . 3 , 
G^^OQ) - Gj^(v) = 0 
\ % ^ •*• ^ D ^ ^ ' % > - ° 
An o p e r a t i n g p o i n t d e t e r m i n e d by t h e above e q u a t i o n s i s s t a b l e i f , and 
o n l y i f , i t s a t i s f i e s t h e c o n d i t i o n 
6v 0 6<^  
"55^ 6 G ^ 
_ V - P . —c 
0 6v 6-co ^ 
0 0^ 
> 0 ( 4 . 6 ) 
where V is the amplitude of oscillation. Transferred electron devices 
6G^ 
operate in the region where -— < 0, and to a first approximation, the 
associated capacitance may be taken as independent of amplitude. Hence 
5B., 
> 0 is a necessary condition for stability. C 
0 
In other words, the variation of the circuit susceptance with 
frequency must be positive at the point of oscillation. Furthermore, 
the design of stable oscillators requires that the slope parameter be 
7 1 . 
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Figure 4.7 Parameters for S t c i b i l i t y C r i t e r i o n . 
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Figure 4.8 Determination of Spurious Sidebands. 
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as large as possible, 
For the general case of oscillation at point P with 0 defined 
in Figure 4.7, stable oscillation is possible only if 0 < 6 < TT. 
Moreover, v^ henever the condition 6 ->• 0 occurs, the noise of the oscillation 
will increase greatly. In Figure 4.8 the line PT is the device admittance 
line, or if that is not straight, PT is the tangent to the device line 
at P. The point T lies on a line drawn through the frequency points 
w ± Ao) on the load line. If the real component of PT, G', satisfies 
6£ 
'0 iSv G' = - 3^  V„ ^  (4.7) 
then spurious oscillations can grow at w ± Aw. If the spurious 
oscillations are not small, the values of w , v , and so on will be 
affected, and the first order condition of Figure 4.7 will not apply. 
If the circuit admittance is changed so as to reduce 9 in Figure 4.7, 
the oscillation will beccme very noisy before jumping to another mode 
as 9 beccxnes negative. 
4.2.3 OSCILLATOR BEHAVIOUR 
The method of determining stable operating points described 
in Section4.2,l can be programmed as a search routine. This was 
implemented by the author and a listing of the 
FORTRAN programme is included in Appendix III. The search routine 
was used to plot the tuning curves as a specified tuning parameter 
v;as varied. 
Figure 4.9 shows the predicted tuning behaviour of the oscillator, 
whose parameters are shown in Table 1, when the distance from the varactor 
post to tlie short circuit plane is varied. For oscillation to occur at 
a point on these curves, it is necessary that the real part of the 
admittance presented to the device terminals be less than the maximum 
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Figure 4.9 Mechanical Tuning Curves. 
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nega t ive conductance the deyi.ee can produce . VJhen more than one r e sonan t 
s t a t e s a t i s f i e s t h i s c o n d i t i o n , i t has been p o s t u l a t e d t h a t t he device 
vj i l l o s c i l l a t e a t the frequency for which the load conductance has the 
h ighes t va lue c o n s i s t e n t V7ith G < max |G | [ 30 ] . This p o s t u l a t e has 
not been v e r i f i e d cemplete ly by exper iment . 
L i t t l e i n v e s t i g a t i o n has been conducted i n t o the problem of 
mul t i - f requency ope ra t i on of TE d e v i c e s . Reich [73] s t u d i e d the growth 
o.f o s c i l l a t i o n s i n a c i r c u i t c o n t a i n i n g a n o n l i n e a r nega t ive conductance 
element having a ciibic I~V c h a r a c t e r i s t i c , i n s e r i e s wi th ti\'o shunt 
RLC c i r c u i t s . He found t h a t i f tJie shunt conductances of t h e two r e son -
a t o r s were eq-ual and t h e capac i t ances were a l s o e q u a l , t he mode of 
o s c i l l a t i o n was determined by random n o i s e . I f t h e capac i t ances were 
equal bu t the conductances d i f f e r e d , t he re was a high p r o b a b i l i t y t h a t 
o s c i l l a t i o n would occur i n the mode governed by the r e s o n a t o r having 
tlie lower shunt conductance . 
These p r e d i c t i o n s were made us ing probable i n i t i a l cond i t i ons 
a t device tu rn -on and did not taJce i n t o account the c h a r a c t e r i s t i c s of 
a r e a l dev ice . Re i ch ' s p o s t u l a t e , i . e . t h a t i n t h e absence of i n j e c t e d 
v o l t a g e or o t h e r d i s t u r b i n g i n f l u e n c e s , the s t e a d y - s t a t e o s c i l l a t i o n w i l l 
probcibly be a t the frequency determined by t h e s m a l l e r conductance, 
c o n t r a d i c t s t h a t cf E i s e n h a r t . 
I t i s p o s t u l a t e d t h a t the degree of inecfual i ty of equat ion (4.6) 
i s a measure of t h e s t a b i l i t y of the ope ra t i ng p o i n t . When switched on, 
the o s c i l l a t o r would opera te a t t h a t frequency fo r which t h i s i n e q u a l i t y 
i s g r e a t e s t . However, as the o s c i l l a t o r i s tuned , the p o i n t of o s c i l l a t i o n 
w i l l remain on the same tun ing curve even i f a more s t a b l e ope ra t ing 
p o i n t should now occur on ano ther cu rve . The o s c i l l a t o r i s then in a 
c o n d i t i o n a l l y s t a b l e s t a t e . When a load conductance i s reached which i s 
75., 
greate.r than the a c t i v e device can nega t e , tlie p o i n t of ope ra t ion jumps 
t o the frequency mode having t h e h i g h e s t s t a b i l i t y . This p o s t u l a t e 
exp l a in s t h e occurrence of h y s t e r e s i s in t u n i n g . 
Should the device be tu rned off, then on again whi le in a 
c o n d i t i o n a l l y s t a b l e s t a t e , i t would now o s c i l l a t e i n the h i g h e r 
s t a b i l i t y mode. The obseirvation t h a t frequency jumps may occur a t 
d i f f e r e n t p o i n t s when the o s c i l l a t o r i s r e t u r n e d i s expla ined by the 
reasoning t h a t , i n a c o n d i t i o n a l l y stcible s t a t e , mode-switching may 
be caused by e x t e r n a l in f luences such as d . c . supply r i p p l e , n o i s e , 
spur ious o s c i l l a t i o n s e t c . A method of reducing the h y s t e r e s i s in t un ing 
[74] would be t o use a pulsed power supply t o the dev ice . A high duty 
r a t i o would not g r e a t l y a l t e r average ope ra t i ng v a l u e s , and t h e 
swi tching would ensure opera t ion a t the mode of g r e a t e s t s t a b i l i t y . 
Figure 4.9 i l l u s t r a t e s t h e h y s t e r e s i s phenomena. I f the TE 
device has maximum nega t ive conductance of 2 .5 mrnho, the do t ted l i n e 
would r e p r e s e n t t h e locus of t h e ope ra t i ng p o i n t as the s h o r t c i r c u i t 
p o s i t i o n i s v a r i e d . Figure 4.10 shows the tuning curves for t h e saiara 
o s c i l l a t o r when t h e d i s t a n c e between -the two p o s t s i s i n c r e a s e d from 
11.0 mm t o 16.0 mm, and Figure 4 .11 dep i c t s the case for L -•= 21.0 iron. 
An i n t e r e s t i n g f e a t u r e of F igure 4 .11 i s t he frequency jump v/hen 
the s h o r t - c i r c u i t p lunger i s witlidravm to more than 22.5 mm from the 
v a r a c t o r p o s t . This frequency jump cannot be exp la ined by the conductance 
p o s t u l a t e , and i s due t o the f a i l u r e t o meet the zero reac tance c r i t e r i o n . 
Figure 4,12 i l l u s t r a t e s the cause of t h e jump. As the s h o r t - c i r c u i t p lane 
i s ex tended , t l iere r e s u l t s an upward s h i f t of t h e c i r c u i t admit tance 
Y„(w) i n t h e complex admit tance p l a n e . The ope ra t ing frequency, given 
by tlie i n t e r s e c t i o n of Y (u) and - Y (lo, v) changes u n t i l t h e l i m i t i n g 
case of Y (o), v) being tangent t o Y (w) i s reached . After t h i s p o i n t . 
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Figure 4.10 Tuning Curves for Oscillator with L,„ = 16 mm. 
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Figure 4.11 Tuning Curves for Oscillator with L = 21 mm. 
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Figure 4.12 Illustration of Frequency Jump Phenomena. 
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Figure 4.13 Mechanical Tuning Curves (s' = s /a) 
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no i n t e r s e c t i o n e x i s t s betw.een tlie l o c a l loop i n the Y (io) locus 
and - y^(c^/ v ) , and t h e mode of ope ra t i on jumps t o another i n t e r s e c t i o n 
p o i n t which s a t i s f i e s t h e ze ro reac tance and s t a b i l i t y c r i t e r i a . 
Figure 4 .13 d i s p l a y s the e f f e c t of v a r a c t o r p o s t l a t e r a l 
p o s i t i o n on mechanical t un ing . Note the markedly d i f f e r e n t behaviour 
when tlie p o s t i s c e n t e r e d . For the cen te red p o s t and gap , a l l m even 
and n odd modes are decoupled, i . e . only one q u a r t e r of a l l m.odes a re 
coupled t o t h e gap t e r m i n a l s . This e f f e c t mani fes t s i t s e l f in iJie 
r e s u l t a n t tuning c u r v e s . 
The v a r i a t i o n of tun ing curves wi th any of the parameters l i s t e d 
in Table 4 .1 may be p r e d i c t e d from r e s u l t s of the ccmputer-a ided 
frequency search r o u t i n e . 
81. 
4 ^ APPLICATION TO REPORTED CASES 
Templin and Gunshor 154] proposed an analytical model for a 
varactor-^tuned Gunn oscillator in a two-post staggered mount, and 
conducted measurements to verify their model. In particular, they 
considered the effect of interchanging the Gunn device and the varactor 
diode. They concluded that tlie configuration in which the Gurm device 
is closest to the sho.rting plane (case 1) is v;idely tunable over a 
range of short-circuit positions, while the configuration in which the 
varactor is nearest the shorting plane (case 2) is not. 
This conclusion is not strictly correct as shown by Figures 
4.14 and 4.15. The tuning curves predicted for case 2 using the 
analysis of Chapter 3 verify that it is not widely mechanically tunal^ le. 
Case 1 wou.ld be widely tunable only if the operating point follows 
the upper tuning curve. Should the load conductance be such that the 
circuit follows tlie lower tuning curve, a small bandwidth would result. 
Increased losses could result in this lower curve being adopted. 
All possible tuning loci must be considered before a 
genercilization can be made about tuning behaviour. Templin and Gunshor's 
analysis had not predicted all possible resonances. Also, they only 
considered the case where both post's were center-mounted. Results shown 
in Figures (4.9 - 4.11, 4.13) indicate tliat post positioning could 
invalidate tlie conclusion reached in [54] as the nechanical tuning cuirves 
can be altered significantly by changing the post lateral positions. 
Bandwidth depends not only on the relative Gunn and varactor positions 
but also on post positions and separation. 
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4_.4 ELECTRONIC TUNINCS 
The equivalent circuit model can also be used to predict elect-
ronic tuning behaviour. If the dependence of varactor junction capacit-
ance on bias voltage is known, tlie oscillation frequency variation with 
tuning voltage can be found using the search routine described earlier. 
Figure 4.16 shews the electronic tuning behaviour at several points on 
tlie tuning curves in Figure 4.9. Note that for the same change in 
varactor junction capacitance, markedly different tuning bandwidths 
may result indicating the need for detailed preliminary design. The 
desired features of a varactor-tuned oscillator are linearity and 
broad bandv/idth [75,76] and these may be optimized by proper placement 
of posts and gaps, and suitable choice of varactor package. The effect 
of these parameters on electronic tuning bandwidth (ETBW) has been 
predicted by the model for a particular situation, 
4.4.1 EFFECT OF POST PAR.AMETERS ON ELECTRONIC TUNING 
The effect of varying certain structural dimensions v/as 
determined for the oscillator whose parameter values are shown in 
Table 4.1. The oscillator was assumed to be operating at 11.380 GHz 
with L2 = 8.0 mm (Figure 4.9), The electronic tuning bandwidth was 
defined as the change in frequency when the varactor jimction capacitance 
was varied from .5 pF to 2.5 pF, a typical capacitance variation ratio 
for microwave varactors. Note _hat the following results apply only 
to this specific case and are meant to demonstrate the design powers 
of the model. Other varactors could give significantly different 
bandwidth values, although the trends are expected to be applicable 
to other cases. 
Figure 4.17 shows the electronic bandwidth as a function of 
varactor diode height above the waveguide broad wall for the particular 
85. 
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Figure 4,16 E l e c t r o n i c Tuning Curves. 
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Figure 4.17 ETBW as a Function of Vars.ctor Height (h ' = h /b) 
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Figure 4.18 ETBW as a Function of Varactor Post Diameter 
d^ ' = (d^/a). 
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cases of (a) tlie Gunn device a t h a l f - p o s t he igh t and (b) the Gunn 
device a t the bottom of the p o s t . I t can be seen t h a t banAvidth 
i s maximized when the v a r a c t o r i s e i t h e r a t the top or bottom, and 
does not depend g r e a t l y on Gunn h e i g h t . This i s i n agreement wi th 
tJi.e r e s u l t ob ta ined by El-Sayed [46] . 
F igure 4.18 d e p i c t s t h e e f f e c t of v a r a c t o r p o s t d iameter on 
e l e c t r o n i c t u n i n g . The bandwidth i n c r e a s e s v/ith d iameter b u t above 
d / a ~- . 2 5 , the a n a l y s i s i s no longer v a l i d and the d i f f e r ences 
between p o s t and diode diameters g ive r i s e t o r a d i a l l i n e e f f e c t s . 
The p o s t should be as wide as p o s s i b l e t o maximize bandwidth b u t 
not very much g r e a t e r than the d iode . 
Reduced h e i g h t v/aveguides were of ten used to i n c r e a s e 
bandwidths , bu t a t the c o s t of reduced Q. Figure 4.19 shows the 
change in bandwidth as the h e i g h t i s reduced. A decrease a c t u a l l y 
occurs before the bandwidth i n c r e a s e s . The waveguide h e i g h t must be 
reduced by a t l e a s t h a l f before an inc reased bandwidth i s ob ta ined . 
Although a s tudy of an i n - l i n e , post-mounted v a r a c t o r - t u n e d 
o s c i l l a t c r has been c a r r i e d out with a vie-vv towards optimizat. ion of 
e l e c t r o n i c tuning bandwidth [52] , t h a t s i n p l i f i e d a n a l y s i s was r e s t r i c t e d 
and used an approximate model for the waveguide mount. 
Inc reased e l e c t r o n i c tuning i s obta ined by i n c r e a s i n g -fche 
dependence of Y (oi) on C . This i s achieved by c l o s e r coupl ing 
of the two gaps . Thus, i f we r e p r e s e n t the e q u i v a l e n t c i r c u i t between 
t h e two gaps by a T c i r c u i t (Figure 4.20) , maximum coupling of the tv;o 
gaps occurs for Z and Z minimized and Z maximised. I f t h e o s c i l l a t o r 
i s opera t ing w i t h i n the waveguide domincint mode r eg ion , t he c i r c u i t 
e lements are due p r i n c i p a l l y t o the TE mode. Then, 
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Figure 4,19 ETBW as a Function of Waveguide Height (b = b/10.16iTun) 
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•Z. ^ Z (x., ,,^ K. ^^ - T_,,^ K. ., K^ . e"^^^12) (4.8a) 
1 10 1110 Ipl 1210 Ipl 2pl 
Z., - Z (.T_„. K„ ..^  " T.,^ _ K- ^ K„ . e'^ ^^ l^S) (4.8b) 
2 10 2210 2pl 1210 Ipl 2pl 
Z_ == Z T K., - K„ , e~^^^12 (4.8c) 
3 10 1210 Ipl 2pl 
where 6 = T — . 
A 
g 
If the posts are in line along the guide, 
K, T = K„ , = K (4,9) 
I p l 2pl 
and dropping t h e mode s u b s c r i p t on the t e r m i n a t i o n f a c t o r , 
h == \0-' (^11 - ^12 ^"'^"^^'^ ^'-^'^^ 
h ~- \0^^ (^22 - ^12 - " ' ' ^ ' ' > (^-^^^^ 
^3 "" ^10' '^ ^^12 e"^"^^^^) (4.10c) 
For an oscillator configuration as shovm in Figure 4,1, in 
which the waveguide ports are terminated by a matched load and a 
shorting plane respectively the termination factors are given by 
^11 = ^ - ^ "''^^' • ^ ""''^ '^' ^^ -^ -^^  
x^ = 1 - e~^2^^2 (4^ 3^ 1j3) 
T^2 = 1 - e"^^^^2 ^ (4_^1^) 
S u b s t i t u t i n g (4,11) i n t o (4 .10 ) , 
Z^ = Z^Q^c^l - e-^^^^2) [e-3P^12 _ ^^ ^- jBLis (^^^sa) 
^2 =^  ^ 0 ^ ^ ^ ^ " ^"^^^^^5 "• - e~^ ^^^^ ('^•12b) 
Z^ = 2^^,2^1 _ e"^ '^^2) e-^P^12 (4.12c) 
Both Iz, I and Iz^ l and minimized for L, ^  = nA , and Z^ is 1' ' 2' 12 g '3 
maximized when ic is maximized, i.e. when the posts are centered. Figure 
4.21 shows that this is indeed the case. A distinct maximum in electronic 
ETBVv' (MHz) 
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Figure 4.21 ETBW as a Function of Varactor Post Position (s ' = s /a) 
ETBW(MHz) 
SOOl 
600 
4oa 
200 
0 
0 .1 .2 .3 .4 .5 
:. c.v(pF) 
Figure 4.23 ETBW as a Function of Varac tor Case Capac i t ance . 
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Figure 4.22 ETBW as a Function of Pos t S e p a r a t i o n . 
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bandwidtli i s ob ta ined wlien the v a r a c t o r i s c e n t e r e d . The s ine form 
of t h e K f a c t o r i s r e f l e c t e d .in the v a r i a t i o n of bandwidth wi th p o s t 
l a t e r a l p o s i t i o n . 
Wide band tuning has been r e p o r t e d f o r c en t e r ed , i n - l i n e 
p o s t s [70] ,. VJhereas p rev ious e s t ima te s of p o s t s e p a r a t i o n were 
empi r i ca l a^nd did not taJce i n t o account the v;aveguide t e r m i n a t i o n s , 
the two-post mount model al lows for the des ign of o s c i l l a t o r s 
having optimum tuning bandwidths . The c o n d i t i o n s s t a t e d above 
should provide d i r e c t coupl ing between the g a p s . In p r a c t i c e , the 
e f f e c t of h igher o rder modes (n = 0, m > 1) w i l l l i m i t the coup l ing . 
Thus t h e o b t a i n a b l e bandwidth could be much l e s s than the t h e o r e t i c a l 
value [77]„ Also , package p a r a s i t i c elements w i l l l i m i t the 
performance of the VTCO. I t may be p o s s i b l e t o choose a mount 
con f igu ra t i on such t h a t the mount and package e q u i v a l e n t c i r c u i t s 
cancel to g ive d i r e c t coupl ing between the Gunn and v a r a c t o r c l i ips , 
bu t the coupl ing would be very narrow band. The maximum pe rmi s s ib l e 
coupling of the v a r a c t o r i n t o the r e sonan t c i r c u i t would s t i l l be l i m i t e d 
by the power l o s s e s i n tlie v a r a c t o r s e r i e s r e s i s t a n c e . Perhaps the main 
f a c t c r i n determining t h e tun ing range i s t h e j u n c t i o n capac i t ance 
v a r i a t i o n , Varac to rs having a h igher r a t i o of capaciteince a t ze ro b i a s 
to capacita.nce a t breakdown would give the g r e a t e r bandwidth. 
The computed e l e c t r o n i c tuning range v a r i a t i o n with p o s t 
s e p a r a t i o n i s shown in Figure 4.22 for the o s c i l l a t o r of Table 4 .1 
ope ra t ing a t X-band. The bandu'idth i s no t maximized a t L, „ = nX no t 
12 g 
only for the reasons o-atlined above b u t a l s o because t h e o s c i l l a t o r 
i s o p e r a t i n g i n a c a v i t y mode r a t h e r than a t t he v a r a c t o r s e r i e s or 
shunt r e sonances . The curves do i n d i c a t e t h a t ETBW i s opt imized for 
c lo se ly - spaced d i o d e s . 
9 3 . 
I f t h e p o s t s a r e s e p a r a t e d by an i n t e g e r number of g u i d e 
w a v e l e n g t h s s o t h a t Z - Z -~ 0 and Z i s m a x i m i z e d , a change i n t h e 
t e r m i n a t i o n f a c t o r ( i . e , m e c h a n i c a l t u n i n g ) would have l i t t l e e f f e c t on 
Z o r Z , and t h e change i n Z wou ld be of l i t t l e c o n s e q u e n c e a s i t 
i s s h u n t e d by a low impedance . Hence , e l e c t r o n i c t u n i n g i s o p t i m i z e d 
a t t h e e x p e n s e of m.echanica l t u n i n g b a n d w i d t h . 
4 . 4 . 2 EFFECT OF DE\riCE PACKAGES ON ELECTRONIC TUNING BANP/JIDTH 
The v a r a c t o r p a c k a g e e l e m e n t s may o r may n o t have n e g l i g i b l e 
e f f e c t on t h e b a n d w i d t h d e p e n d i n g on w h e t h e r t h e o s c i l l a t o r i s o p e r a t i n g 
i n a c a v i t y mode o r a t a v a r a c t o r s e r i e s o r s h u n t r e s o n a n c e . The Gunn 
d e v i c e p a c k a g e somet imes p r e s e n t s a r e s o n a n c e w i t h i n t l i e o p e r a t i n g 
r a n g e w i t h t h e r e s u l t t h a t o p e r a t i o n i n t h i s mode i s n e i t h e r m e c h a n i c a l l y 
n o r e l e c t r o n i c a l l y t u n a b l e . 
The dependence of t u n i n g b a n d w i d t h on v a r a c t o r c a s e c a p a c i t a n c e 
and l e a d i n d u c t a n c e a r e shewn i n F i g u r e 4 . 2 3 and i n F i g u r e 4 . 2 4 r e s p e c t -
i v e l y . The b a n d w i d t h i s a s t r o n g f u n c t i o n of b o t h , b u t i t i s a l m o s t 
i n d e p e n d e n t of t h e s e r i e s r e s i s t a n c e ( F i g u r e 4 . 2 5 ) . 
I t was f r e q u e n t l y o b s e r v e d i n e x p e r i m e n t a l work ( s e e C h a p t e r 5) 
t h a t t h o s e c o n f i g u r a t i o n s which e x h i b i t e d a h i g h r a t e of change of 
f r e q u e n c y w i t h v a r a c t o r b i a s v7ould have d i s c o n t i n u o u s r e s p o n s e , i . e . 
f r e q u e n c y j u m p s . The r e a s o n f o r t h i s i s t h e Q d e g r a d a t i o n due t o 
i n c r e a s e d v a r a c t o r c o u p l i n g [ 6 9 ] . The re e x i s t s a r e l a t i o n s h i p b e t w e e n 
e x t e r n a l l o a d e d Q, u n l o a d e d Q, v a r a c t o r Q a n d t u n i n g r a n g e , v i z : 
Q ' e x t 1 
^ ^ ^ ^ " [1 -f 2x r i S ^ ] 
( r - 1 ) 
where 
Q ' ex t - e x t e r n a l l o a d e d Q of t h e o s c i l l a t o r 
Qext = e x t e r n a l u n l o a d e d Q of t h e o s c i l l a t o r 
94. 
X " bandwidth/ ( f requency a t zero b i a s ) 
r - C (Q)/C (breakdov.?n vo l tage) 
q - Qext/Q^ 
% ^ ^"""^^°^ Q ^^; io ) -^ 
As the oscillator is tuned, x and r increase causing a decrease.in 
Q'ext until the active device can no longer support oscillation in 
tliat mode, and a jump to another tuning curve occurs. 
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CHAPTER 5 
DIODE PACKAGE CHARACTERIZATION AND EXPERIMENTAL RESULTS 
9 7 . 
5.1 THEORY OF DIODE PACKAGE CHARACTERIZATION 
The c h a r a c t e r i z a t i o n of diode packages a t t he f requencies of 
i n t e r e s t has been shown to be necessary fo.r t he accu ra t e modell ing of 
s o l i d s t a t e o s c i l l a t o r s . The c h a r a c t e r i z a t i o n of these packages i s 
i t s e l f an e x e r c i s e i n measurement s c i e n c e . 
In t h i s s tudy , the method used to achieve t h i s aim was based 
l oose ly on t h a t of R o b e r t s [ 7 8 ] , where t h e packaged diode was p laced a t 
the end of a coax ia l l i n e and t h e i n p u t impedance of the loaded l i n e 
was determined by s l o t t e d - l i n e measurements. I n s t e a d of using resonances 
as the c h a r a c t e r i z i n g pa r ame te r s , t h e impedance was measured over a range 
of f r e q u e n c i e s , and t h i s da ta was used to determine t h e elements of a 
lumped-element network designed t o r e p r e s e n t t h e loaded l i n e . Use could 
then be made of a ccmputer algori t l im ( F l e t c h e r Routine) t o reduce the 
e r r o r between measured and c a l c u l a t e d network inpu t impedances. The 
element va lues used a re such as t o p rov ide a network inpu t impedance 
t h a t b e s t matched the measured d a t a . This method had a l s o been used 
r e c e n t l y t o c h a r a c t e r i z e IMPATT diodes [ 7 9 ] . 
5.2.1 CONSTRUCTION OF COAXIAL MOUNT 
In o rde r t o ca r ry ou t the c h a r a c t e r i z a t i o n of diode packages , a 
s p e c i a l mount was des igned and c o n s t r u c t e d (Figure 5 . 1 ) . The mount was 
b a s i c a l l y a .length of 7 mm c o a x i a l a i r l i n e . The two ou te r s e c t i o n s were 
e l e c t r i c a l l y i s o l a t e d by a mylar washer (25 pm t h i c k n e s s ) , t o al low the 
a p p l i c a t i o n of a b i a s t o the d iode . Two s l i d i n g pucks were c o n s t r u c t e d : 
one t o provide a r e f e r ence s h o r t c i r c u i t p l a n e , and the o the r s p e c i a l l y 
r ecessed t o ho ld an X-band diode package, A low- tens ion spr ing was p l aced 
between t h e puck and the t e n s i o n i n g thumb-screw such t h a t the p re s su re on 
t h e diode was ab le t o be moni tored, and t h e danger of mechancial f a i l u r e 
of the diode minimized. The i n t e r i o r su r f ace s of the mount, i nc lud ing 
9 8 . 
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9 9 . 
t he inner conductor , were s i l v e r - p l a t e d and a type-N connect ion was 
a t t ached a t one end. Nylon screws were used t o hold the two s e c t i o n s 
of t h e mount t o g e t h e r . 
5,2 .2 PROCEDURE FOR THE CHARAXTERIZATION OF A DIODE PACKAGE 
( i ) With t h e s h o r t - c i r c u i t puck i n s e r t e d , t h e p o s i t i o n o f t h e 
r e f e r e n c e p l a n e ( i . e . t h e end of t h e i n n e r c o n d u c t o r ) was d e t e r m i n e d 
from s t a n d i n g - w a v e measuremicnts . A VSWR of 38 a t 8 GHz i n d i c a t e d a 
f a i r l y l o w - l o s s s t r u c t u r e ( F i g u r e 5 . 2 a ) . 
( i i ) With t h e d i o d e p o s i t i o n e d a s i n F i g u r e 5 . 2 b , s l o t t e d - l i n e 
measu remen t s were made t o d e t e r m i n e t h e VSWR of t h e l o a d e d l i n e . Due 
t o t l ie h i g h VSVJR's, an a p p r e c i c i b l e amount of n o i s e r e n d e r e d t h e p o s i t i o n 
o f t h e minima u n c e r t a i n , and t h e d o u b l e - m i n i m a me thod was u s e d . The 
method u t i l i z e s t h e p a r a b o l i c shape of t h e s t e m d i n g wave p a t t e . n i and 
r e q u i r e s measuremen t t o be made of t h e p o s i t i o n s of tv^o c o r r e s p o n d i n g 
p o i n t s a v a l u e p dB above t h e minimum. The VSWR i s t h e n g i v e n by [ 8 0 ] , 
VSWR = 2 ^ J S l . 2 3 0 2 6 p ) ^ o s - ^ (TTd/XgL ( 5 . 1 ) 
s m (T—•) Xg 
where Xg is the wavelength along the slotted line and 
d is the distance between the two points. 
By making several such measurements along tlie slotted line at each 
frequency and bias voltage, a m.ean VSWR reading,along Vsfith the transmission 
and return losses, can be obtained using a computer program to process 
the slotted line data [81]. 
(iii) From SWR and slotted line probe position readings, the 
impedance of the line can be calculated. The reference plane was nov-j 
shifted a distance equal to the length of the diode between end-caps. 
100. 
(c) 
Figure 5.2 (a) Unloaded Coaxial Mount. 
(b) Loaded Coaxial Mount. 
(c) Equivalent Circuit for Loaded Mount, 
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(iv) An equivalent lumped-elem.ent circuit v/as chosen for the 
diode, package, and mount. The circuit for a varactor diode is shown in 
Figure 5,2c, where the first LC section represents the mount and the 
remainder describes the packaged diode. 
(v) This equivalent circuit was an approximation to the 
complete distributed network, and exact matching of measured and calculated 
impedances would not be expected. The determinat.ion of the equivalent 
circuit providing the best match to the measured data can either be 
done manually, or with the aid of an error minimization routine. The 
error could, for exaiaple, be defined as the sum of the squares of the 
absolute differences between measured and calculated impedances, over 
the frequencies of interest. Such a routine is described in section 5.4. 
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5.5 MEASUREMENT OF INPUT IMPEDMCE 
Two encapsula ted diodes were to be c h a r a c t e r i z e d ; a Gunn device 
(Mullard CXY16C) and a v a r a c t o r (Microwave Associa tes 46603). These 
diodes were used in t h e exper imental o s c i l l a t o r s descr ibed l a t e r in 
the chap te r . As the j u n c t i o n capac i t ance of the v a r a c t o r was a 
funct ion of b i a s v o l t a g e , the v a r a c t o r was c h a r a c t e r i z e d for s e v e r a l 
b i a s v a l u e s . The Gunn device was c h a r a c t e r i z e d below t h r e s h o l d . Tlie 
measurement s e t - u p i s shown in Figure 5 . 3 . The b i a s -T was used to 
provide a d . c . r e t u r n path for the app l i ed b i a s . 
Frequency 
meter 
Frequency 
Sour ce 
bias-T a 
atter luator 
SWR 
meter 
-
Slo t ted 
Li 18 
D.C. 
supply 
Coaxial 
mount 
Figure 5.5 Measurement Set-up. 
Readings were taken of the posi t ions of power levels at a value 
p dB above the minima along the s lo t t ed l i ne . The value of p was chosen 
so that noise would not s ign i f i c in t ly affect the accuracy of the recording. 
These readings, along with the value of p and the posit ion of the reference 
plane were input to Handler's program 81 which performed the required 
calculations and determined the VSWR and the normalised impedance. 
There appeared to be an error in the published version of Bandler's program 
as the impedance plot subsequently obtained was nonsensical. The values 
of the normalized input impedance were recalculated using basic standing 
wave measurement techniques. 
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The impedance of the loaded line is plotted on the Smith chart in 
Figure 5.4 for the Gunn device and Figure 5.5 for the varactor. 
The relative values of the input impedance at 8 GHz, 9 GHz and 10 GHz 
in the Gunn device plot could be explained by a resonance occurring 
between 8 and 9 GHz, or a local resonance of the slotted-line itself. 
As the 9 GHz readings on the varactor were suspect also, the latter 
reason appears more likely. 
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Figure 5,4 Coaxial Mount Input Impedance (Normalized) 
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varactor I\lA-46603 
Figure 5.5 Coaxial Mount Input Impedance (Normalized) 
1 0 5 . 
5.4. CALCULATION OF EQUIVALENT CIRCUIT ELEMENTS 
The t a s k of d e t e r m i n i n g t h e v a l u e s of t h e c i r c u i t e l e m e n t s i n 
F i g u r e 5 . 2 c from tJie m e a s u r e d d a t a was. c o m p l i c a t e d by t h e nuinber of 
e l e m e n t s and t h e r e s o n a n c e s v^fhich o c c u r r e d i n t h e f r e q u e n c y r a n g e o f 
i n t - e r e s t . 
One a p p r o a c h was t o u s e a compu te r a l g o r i t h m t o d e t e r m i n e t h e 
n i m e r i c a l v a l u e s of t h e v a r i a b l e s of a f u n c t i o n such t h a t a f u n c t i o n 
minimum was o b t a i n e d . The a l g o r i t h m . , known a s t h e F l e t c h e r - P o w e l l - D a v i d o n 
method r e q u i r e d t h e f u n c t i o n e x p r e s s i o n and t h e f i r s t d e r i v a t i v e of 
t h e f u n c t i o n w i t h r e s p e c t t o e a c h v a r i a b l e 182,83 , 
The e r r o r f u n c t i o n was c h o s e n as 
E r r o r = E = Y (Z. (w.) - Z ( a j . ) ) ( Z . (OJ.) - Z (co . ) )* 
^ m i m i m i m i 
0) . 
1 
= y I z . (o).) - Z (03.) 1^ ( 5 . 2 ) 
' " ' m i m i ' 
1 
where Z (tu.) was t h e m e a s u r e d impedance a t co. 
m i 1 
and Z. (w) = 
m 
1 + jwC.R. - CO (L..,C. + L C , 4- L C^) - ju) L C^C.R. +tO L,L^C C. 
a_J 2 1 1 J 1 2 1 2 3 3 L_2„2_a 
jto (C, +C„+C .) -co (C„C .R .+C C .R.) - jco"^  (L„C„C .+L-C^ C .+L C^ C .+L., C., C^ ) 1 2 3 2 3 3 I 3 3 2 2 3 2 I 3 I I 3 I I 2 
tC^ L^C^C^C.R. + j ^ ' L^L^C^C^C . 
( 5 . 3 ) 
The d e r i v a t i v e of t h e e r r o r w i t h r e s p e c t t o e a c h v a r i a b l e x . , 
was found from 
^ = - ^ ( I | Z . (CO.) - Z ( c o . ) l ^ 
ox. ox. ^ ' m 1 m i ' 
1 • 1 C O 
6Z. (co.) 6Z. (w.) ^ 
= I [ ( _ i ^ „ J _ ) ( z . (0) ) - z (CO.))* + ( - "-" "- ) . 
'^ 6x. m l m i 6x. 
(JO. 1 1 
i 
1 0 6 . 
(Z. (.CO.) - Z (CO.))] ( .5 .4) 
m i ra 1 
<SZ. {bi.) 
iphe j;—^i— can be c a l c u l a t e d from ecjuation (5.3) and a re 
Sx. 
1 
l i s t e d in appendix IV. 
While the e r r o r minimizat ion programme was guaran teed t o 
converge, t h e r e was no assurance t h a t t he abso lu t e e r r o r minimum 
had been reached, r a t h e r than a l o c a l minimum. The e r r o r func t ion 
chosen, ( 5 . 2 ) , d i sp layed numerous minima witli .respect to combinations 
of the s ix v a r i a b l e s , thus making i t u n s u i t a b l e . Other e r r o r func t ions 
proposed, e . g . 
E 
CO 
and 
= I (X. (CO.) - X (CO.)) 
'^  m i m i 
E = y (R. (CO.) - R (CO.)) 
'^ m i m i 
CO 
posed a s i m i l a r problem. The occurrence of resonances w i th in the 
frequency range of i n t e r e s t , along with the Newton i t e r a t i o n technique 
used in the r o u t i n e , did not al low i t s automat ic o p e r a t i o n . I n s t e a d , 
an i n t e r a c t i v e approach was used . Using the manufac tu r e r ' s s p e c i f i c a t i o n s 
as i n i t i a l v a l u e s , the combination g iv ing the l e a s t e r r o r was sought as 
these va lues were va r i ed in d i s c r e t e s t e p s . The e lement va lues in t h i s 
"bes t " combination were then pe r tu rbed t o f ind the e r r o r minimum. 
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Author's Note: 
The input impedance of the experimental coaxial mount was 
calculated from the slotted line measurements using Bandler's program 
J81j . It was later found that the input impedance values so obtained 
were nonsensical as the resultant Smith chart plots had an anti-clockwise 
rotation rather than the clockwise rotation expected from such a circuit. 
This discrepancy was thought to be due to an error in the published version 
of Bandler's program. Consequently, the error minimization program 
sought to determine an equivalent circuit having input impedance/frequency 
behaviour matching the (erroneous) input impedance versus frequency curve 
calculated from the experimental measurements. 
A possible, and likely, reason why convergence was not automatically 
obtained was that the program tried to match the circuit to an input 
impedance function which was not physically realizable. 
Although the Smith chart plots shown in Figs. 5.4 and 5.5 have been 
recalculated and redrawn, the author v;as not able to re-run the Fletcher-
Powell routine as the computer operating system had since been changed. 
The equivalent circuit element values which were used in the 
VTCO model in Section 5.5 approximated the manufacturer's specified values. 
Although the manufacturer's specifications for the package elements may 
not have been the exact values, the correlation between the measured and 
predicted oscillator performance indicates that these values were 
reasonably close. 
Alternatively, if the value of a particular package element 
was in error, that element did not have significant influence on the 
input impedance of the circuit. 
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5.5 EXPERIMENTAL CIRCUITS 
To verify its validity, the VTCO model was applied to several 
experimental oscillators. The measured performance could then be compared 
with predicted values. The measurement set up is shown in Figure 5.5. 
A cross-section of a waveguide post mount is shown in Figure 
'5.7. Using sections of waveguide containing these post mounts, and 
through different combinations, a variety of oscillator configurations 
were constructed. The posts had all been center-mounted to provide 
strong coupling via the dcminant TE mode, thus precluding the 
experimental observation of post lateral position effects, although 
the effects of post separation a:id TED/varactor/short orientation 
could be observed. 
The result of placing a circular iris between the two posts 
was recorcied also. Figure 5.8 shews the iris arrangement. The analysis 
of the iris is a complex electromagnetic field theory problem (because 
of its proximity to the posts) and the precise significance of its presence 
was not assessed. However, the iris was found to reduce significantly 
the mode coupling between the two posts. 
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Figure 5.6 Experimental Measurement Set-up. 
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Figure 5.7 Waveguide Post Mount Cross Section. 
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Figure 5.8 Arrangement of Iris in Waveguide. 
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Figure 5.9 Outline of Gunn Devices Used, 
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Figure 5.10 Experimental Oscillator Configurations. 
1 1 1 . 
For comparative purposes, two Gunn devices were used, with 
package outlines shown in Figure 5.9. Manufacturers' specifications 
for the diodes used are listed in Table 5.1. Post and gap dimensions 
for the experiiTiental oscillators are detailed in Table 5.2. 
Figure 5-10 shov/s some of the oscillator configurations 
examined. 
GUNN DEVICE 
Pov;er o u t 
F r e q u e n c y 
TABLE 5 . 1 Diode S p e c i f i c a t i o n s 
MA49117-118 
100 mW 
8-12 GHz 
V T h r e s h o l d 2 . 9 7 V 
I T h r e s h o l d .654 A 
V O p e r a t i n g 10 V 
I O p e r a t i n g .560 A 
Case C a p a c i t a n c e .22 pF 
Case I n d u c t a n c e .16 nH 
GUNN DEVICE CXY16C 
Power o u t 
F r e q u e n c y 
V T h r e s h o l d 
I T h r e s h o l d 
V O p e r a t i n g 
I O p e r a t i n g 
Case C a p a c i t a n c e 
Case I n d u c t a n c e 
VARACTOR MA 46603 
C^ (0 V) 
C^ (-4 V) 
Breakdown v o l t a g e 
Q (-4 V) 
Case C a p a c i t a n c e 
Case I n d u c t a n c e 
165 mW 
10 GHz 
3 . 6 V 
1.326 A 
8 V 
.976 A 
.2 pF 
.6 nH 
2 .706 pF 
1.076 pF 
- 30 V 
> 4000 
.172 pF 
. 6 nH 
1 1 2 . 
TABLE 5 .2 P o s t and 
OSCILLATOR NO. 
Gunn p o s t d i a m . 
V a r a c t o r p o s t d i am. 
Gunn gap h e i g h t 
V a r a c t o r gap h e i g h t 
P o s t s e p a r a t i o n 
S/C d i s p l a c e m e n t frcan 
n e a r e s t p o s t (L S/C 
Gap 
= 0) 
[Al l dime 
Dimensions. 
1,4 
3 ,02 
3 , 0 0 
2 . 1 3 
2 . 2 1 
35 .96 
3 3 . 9 3 
n s i o n s i n 
f o r Expt 
2 , 3 
3 .02 
3 .00 
2 . 1 3 
2 . 2 1 
3 5 . 9 6 
3 3 . 9 1 
mm] 
2 r i m e n t a l 
5 , 6 
2 . 0 0 
3 . 0 0 
0 . 8 9 
2 . 2 1 
3 7 . 8 7 
2 0 . 1 3 
O s c i l l a t o r s 
7 , 8 
2 . 0 0 
3 . 0 0 
0 .89 
2 . 2 1 
37 .89 
3 3 . 9 1 
1 1 3 . 
5 . 6 EXPERIMENTAL QSCILLATQR PERFQRHANCE 
The experiment .mechancial t un ing curves of the o s c i l l a t o r s of 
Figure 5,10 a re shown in F igures 5 .11 - 5 .17 , The curves were measured 
a t zero v a r a c t o r b i a s . Severa l o b s e r v a t i o n s can be made from t h e t un ing 
curves as shewn; 
( i ) The r e l a t i v e p o s i t i o n i n g of t h e Gunn device and v a r a c t o r 
diode w . r . t . t h e s h o r t - c i r c u i t p lane has a s i g n i f i c a n t 
e f f e c t on the foinn of the tun ing cu rves , a l though no 
genera l r u l e may be d e r i v e d , s ince t h e p a r t i c u l a r curve 
followed depends on a niomber of f a c t o r s . 
( i i ) There are u s u a l l y s e v e r a l p o s s i b l e s t a b l e o s c i l l a t i o n 
frecjuencies w i t h i n the dominant mode region a t each 
s h o r t - c i r c u i t p o s i t i o n . These resonances a re due t o the 
Gunn package resonemce, t h e mount resonance , the v a r a c t o r 
s e r i e s and shunt resonances and combinations of t h e s e . 
When the v a r a c t o r i s p l aced between t h e Gunn device and 
s h o r t - c i r c u i t p l a n e , o s c i l l a t i o n a t the Gunn package 
resonance i s f o s t e r e d , r e s u l t i n g i n a very narrow tun ing 
bandwidth. 
( i i i ) The i n s e r t i o n of a t h i n i r i s between the two p o s t s has 
a pronounced e f f e c t on tun ing c u r v e s . The mamber of r e son -
ances a t each s h o r t p o s i t i o n i s reduced, and fewer mode 
t r a n s i t i o n s occur . This exper imen ta l ly v e r i f i e s t h a t coupling 
between c l o s e l y - s p a c e d p o s t s i s multimode ( i . e . p ropaga t ing 
and e v a n e s c e n t ) , and not j u s t through t h e doninant TE mode 
as used i n o t h e r ana ly se s [ 5 3 , 5 4 ] , 
( iv) For 'the same mount c o n f i g u r a t i o n and v a r a c t o r , tun ing 
behaviour d i f f e r e d for the two Gunn d e v i c e s , i l l u s t r a t i n g 
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that behaviour is not determi,ned by the circuit alone, but 
rather by the interaction of the active device with the 
load circuit. 
Figure 5,18 shows the experimental electronic tuning behaviour 
of a VTCO with configuration No. 3. Ban(3widths of ~ 200 MHz were 
obtained. When t±ie iris was removed, the obtainable bandwidth was 
- 150 MHz before frequency jumps occurred. Best bandv;idth obtained was 
greater than 300 MHz, although this could have been improved by using a 
varactor with greater C(0)/C(Vg) ratio. Varactor-tuned oscillators not 
containing the iris exhibited mode j\amps to different frequencies within 
the electronic tuning range, although the oscillator could be mechanically 
tuned well beyond this range without any such transitions. The reason for 
this phenomena was the circuit Q degradation due to increased varactor 
coupling (see Section 4.4 b), Comparison of the varactor tuning behaviour 
of oscillator No. 1 at zero bias (Figure 5.11) and at - 30 volt bias 
(Figure 5.19) illustrates the case. 
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5 . 7 COMPARISON WITH PREDICTED BEHAVIOUR 
The tun ing behaviour of t h e exper imenta l o s c i l l a t o r s can be 
p r e d i c t e d us ing t h e t echn iques desc r ibed in Chapters 3 and 4 . Package 
element va lues found in Sec t ion 5.4 were used . In order t o determine 
the a c t i v e susceptances of t h e Gunn d e v i c e s , use was made of the TED 
model of Chapter 2. A l i n e a r I-V r e l a t i o n s h i p was assumed belov; t h r e s -
hold and the mdnijmmi domain s u s t a i n i n g v o l t a g e was estimtated from 
exper imenta l t u r n - o n / t u m - o f f behav iou r . I t was found t h a t the a c t i v e 
TE chip had a capac i t ance of ~ 3 pF in the Microwave Assoc ia tes MA49117 
device and ~ 1.5 pF i n t h e Mullard CXY16C d e v i c e . 
With t h e a id of t h e s e va lues and the a p p r o p r i a t e mount d imensions , 
t he a lgor i thm desc r ibed i n Chapter 4 was employed t o determine p o s s i b l e 
s t a b l e o s c i l l a t i o n S t a t e s . These are marked on the measured curves by 
a c i r c l e for o s c i l l a t o r s 1, 2 , and 7 . 
T h e o r e t i c a l o s c i l l a t i o n f requenc ies agreed c l o s e l y wi th t h e 
expe r imen ta l ly measured ones for o s c i l l a t o r s 1 and 2 . The smal l 
d iscrepancy in t h e o r e t i c a l and measured va lues for o s c i l l a t o r 7 can be 
expla ined by an inaccuracy in the device a c t i v e susceptance as determined 
by the TED model fo r the second TED used . Since t h i s susceptance shunts 
t h e remainder of the load c i r c u i t , i t has a s i g n i f i c a n t e f f e c t on the 
de te rmina t ion of o s c i l l a t i o n f r e q u e n c i e s . On the whole, there was good 
c o r r e l a t i o n between t h e o r e t i c a l and exper imenta l v a l u e s . 
CHAPTER 6 
NEGATIVE RESISTANCE OSCILLATORS WITH NONLINEAR RESONANT LOADS 
126, 
6.1 INTRODUCTION 
In the previous chapters which have been concerned with aspects 
of device-circuit interaction, it has been assumed that the load circuit 
is linear, i.e. the immittance of the load is independent of the signal. 
Should the circuit contain a nonlinear element, the total circuit 
impedance will be no longer independent of signal amplitude. 
Circuits containing nonlinear elements frequently occur in 
microwave engineering applications. One of the most often used 
nonlinear elements is the depletion layer capacitance of a reverse-
biased varactor diode employed in the tuning of microwave oscillators 
(Chapter 4). The analyses of Chapters 3 and 4 assumed the signal level 
to be much less than the reverse bias voltage on the diode, and hence 
the junction capacitance is assumed not to vary significantly with r.f. 
voltage. The higher output powers required in modem VCO's must inevitably 
cause large r.f, amplitudes across the varactor pn junction and the previous 
assumption no longer holds. As the point of operation may be near the 
knee of the C-v curve, the capacitance may vary significantly. Other 
elements used in tuning, e.g. YIG spheres, are inherently nonlinear. 
The nonlinearities of certain diodes, e.g. step recovery 
diodes, varactors, are sometimes utilized in the design of frequency 
multipliers. Tlie power output of Gunn oscillators drops sharply with 
frequency beyond a certain point. To extend the workable bandwidth 
of such oscillators, a frequency multiplier stage, incorporating a 
nonlinear element, is coupled to the oscillator and power is extracted 
at a higher harmonic. The load presented to the active device terminals 
depends upon the signal amplitude which, in turn, depends upon the 
load presented to the device. Linear methods alone are insufficient 
for the proper analysis of such problems. 
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The TED itself can be considered as, consisting of two coupled 
nonlinear elements.. If the device is represented by a parallel RC 
combination, it can be shown that the conductance and susceptance 
are both dependent on the instantaneous voltage. Parametric inter.-
actions may occur because of tlie amplitude, and hence time dependencies 
of the elements [84]. 
•Microv7ave parametric amplifiers commonly use Gunn effect 
oscillators as pump sources. These sources are coupled to the "pumped" 
element, typically a reversed-biased varactor diode. As the pump level 
is usually high, the Gunn device operates into a highly nonlinear load 
if there is no isolation between source and varactor. 
It is the purpose of this chapter to examine the case of a 
nonlinear active device coupled to a nonlinear load. The particular 
instance of a TED directly coupled to a nonlinear resonant circuit 
will be featured. 
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6.2 LITERATURE REVIEW 
Little literature has been published which examined free-running 
oscillators with nonlinear loads. Most of the literature dealing with 
parametric applications of nonlinear elements was concerned only with 
the pumped single element case. Analyses of TEDs have generally included 
the assumption that only the nonlinearity of the conductance component 
need be considered in a first order analysis. Those studies that 
examined coupled nonlinear devices have nearly all dealt with parametric 
aspects of pumped ccmbinations of such devices [84-87] and in most of 
these cases, the analysis dealt only with positive real elements. 
A dissertation by Pence [63] considered the possibility of 
obtaining gain from a lower sideband down converter by using a parallel 
combination of a nonlinear negative conductance and a nonlinear 
capacitance as the pumped element. Other cases involving negative 
resistance have been related to IMPATT diodes which are characterized 
by strong resistive and reactive nonlinearities. Evans and Haddad 
[88] examined the frequency conversion properties of the nonlinear 
IMPATT diode admittance and showed how the diode may be employed as a 
self-oscillating frequency converter. 
Kramer [89] formulated a nonlinear model for the IMPATT diode 
which included two nonlinear elements; a negative resistance and an 
inductance. A second order nonlinear differential equation was 
derived which described the circuit. Instead of solving this equation 
directly, Kramer replaced the nonlinear negative resistance by a current 
generator and examined the nonlinear resonance effects when the remainder 
of the circuit was pumped by this source. This method was not strictly 
correct as coupling effects between the two nonlinear elements were not 
considered fully by this sectional approach. Firstly, the Principle of 
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Superposition cculd not be applied to such, a nonlinear circuit, and 
furthermore, free oscillation behaviour o.f a circuit would not necessarily 
be similar to the behaviour under forced oscillation- For example, tlie 
natural frequency of oscillation was assumed to be the frequency of 
maximum response of the piamped resonant circuit; however the frequency 
at which maximum response occurs is a function of the pumping signal 
for a nonlinear resonant circuit (Figure 6.3). 
A detailed study by Harth [90] of the resonance and parametric 
effects in IMPATT diodes showed how nonlinear fundamental and s\ibharmonic 
resonances could be obtained when an admittance containing a nonlinear 
negative resistance and a nonlinear reactance is subjected to forced 
oscillation. In nearly all the studies of such circuits, the elements 
were subjected to forced oscillations and the natural oscillatory response 
was not examined in detail. The rest of this chapter will be devoted 
to this exercise. 
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6.3 ANALYSIS OF A NONLINEAR OSCILLATOR 
The simplified circuit of a nonlinear oscillator is shown in 
Figure 6.1, Both the negative conductance and the capacitance are functions 
of the voltage at their terminals. The negative conductance may be that 
associated v/ith a tunnel diode or Gunn device, and the capacitance may 
be a reversed biassed pn junction or Schottky barrier junction for 
example. The zero reactance criterion for oscillation is not satisfied 
by single frequency oscillation and the voltage waveform is therefore 
nonsinusoidal. 
£ 
•G^(v) L Z7 C(v) 
Gd(v)--V G / 
Figure 6.1 Nonlinear Oscillator Circuit. 
Consider the resonant circuit shown in Figure 6.2. The foimti of 
the response curves for this particular circuit are shown in Figure 6.3 
and illustrate the phenomenon of nonlinear resonance. 
Assiime C(v) to be a positive monotonically increasing function 
of V and let o) = (LC(0)) ^. As the frequency of the forcing current 
approaches u^, the voltage across the capacitance increases, the 
capacitance rises, and the resonance frequency falls. Thus a curving 
of the resonance spine is obtained. For large enough excitation a 
1 3 1 , 
Isinwt 
Figure 6.2 Nonl inear Resonant C i r c u i t . 
V 
ncreasing 
Figure 6.3 Nonlinear Resonance Response. 
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discontinuous response is obtained since the negative slope regions of 
the response curves are unstable [91J and jumps and hysteresis occur. 
As the varactor diode used in the tuning of microwave circuits 
is inherently nonlinear, the question arises as to whether such 
oscillators exhibit anonalous behaviour which can be attributed to 
nonlinear resonance. 
Several methods were used in the study of the nonlinear oscillator 
shown in Figure 6.1. The problem was initially approached analytically, 
and the solution of the nonlinear differential equation describing the 
circuit was obtained for small values of the conductance nonlinearity 
coefficient. For large values the equation was solved niamerically with 
the aid of a digital ccmputer. Another approach involved programming 
the differential equation on an analogue ccmputer and observing the 
nature of the oscillations. The effect of the nonlinear resonant 
circuit on relaxation oscillation waveforms was then able to be observed. 
6.3.1 THE PHASE PLANE METHOD [92] 
The Phase Plane method uses a nonlinear conversion of the co-
ordinates to solve the nonlinear second order differential equation 
describing the circuit of Figure 6.1 This D.E. can be written 
(C(v) + ^ p l . V) ^  -^  (G. - G. + 3 0 ^ ) ^ + - H- (2 ^ ^ + V ^'^^"^ 
dv ^^2 ' L 0 2 ' dt L ' dv 2 
dt dt 
(f)= - 0 
2 
or ^ + f(v) = F (V, If) (6.2) 
dt "^ ^ 
V 
where f(v) 
^ (I'C(v)v) 
Equation (6.2) is difficult to solve as it stands due to the 
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nonlinear functions f(v) and F(v, |^) . The essence of the phase plane 
method is the nonlinear conversion of space and time co-ordinates by 
the introduction of th.e new variable u, where 
u = [2 1^ f(v) dv]^ sgn v (6.3) 
and the new time variable T, such that 
dv _ dt^  _ u 
du ~ dx " f^T " ^^ "^  (6-4) 
Equation (6.2) then becomes 
,2 
d u , . , du 
p- ^ " = *(-' d^ ) (6.5) 
which is easier to solve in most cases. For example, consider the 
conservative system, 
d^ u 
—2+^ = 0 (6.6) 
dt 
The solution is readily obtained as 
u = U COST (6.7) 
G(u) may be obtained from (6.4) 
G(u) = t)Q + J^-, cos T + + b cos nx (6.8) 
and substituting solution (6.7) 
G(u) = BQ + B^ cos T + + B cos nx (6.9) 
The common.time t is related to nonlinear time x by 
^ B 
t = f G(u) dx = B- X + B, sin x + + — 
'0 0 1 n 
sin nx 
(6.10a) 
The p e r i o d of o s c i l l a t i o n s i s then found by 
T = I Q ^ G(U) dx = 2TTBQ (6.10b) 
Transformation to the original variable v is via 
V = /- G(u) du = X. + X- cos X + + X cos nx (6.11) 
'0 0 ± n 
1 3 4 . 
where X. = X. ( b , u) 
1 1 
D i f f e r e n t i a l e q u a t i o n s f o r t h e a m p l i t u d e and p h a s e of o s c i l l a t i o n s 
c a n b e o b t a i n e d u s i n g t h e method of P o i n c a r e [91 ,93 ] . 
du_ 
dx 
dj) 
dT 
1 r2ij du, , 
2 IT •' 0 d t 
1 f2Tr du. . ^ 
~ J„ $ (u , -T—) s m T dx 2Tru •'0 dx 
( 6 . 1 2 ) 
Example : 
F i g u r e 6 . 4 S i m p l i f i e d C i r c u i t o f a N o n l i n e a r O s c i l l a t o r . 
The c i r c u i t of F i g u r e 6 . 1 may be r e d u c e d t o t h a t i n F i g u r e 6 . 4 . 
The d i f f e r e n t i a l e q u a t i o n s f o r t h e c i r c u i t of F i g u r e 6 . 4 a r e 
d i V 1 
_  _ 
^t^ ^ " L ^ " LCo 
; ^ = i + in dt, D
E(q) 
(6.13) 
where f (q) = q -••, . , C^ = C(q) „ and q is the charge associated with 
C(q) 0 'q=0 
the capacitance. 
1 • "^D 
Introducing t = w t M = "IIZZ ' ^n ~ ''— ' ^  n ~ — ' ^ ^^^tions (6.12) 
/LC„ '^ O "O 
become 0 
di. 
0 
dt 
dq 
f(q) 
(6.14) 
dt ^0 "*" ^DO 
<^I? 
y 
f ( q ) 
f (q) dq] ^ s< 
_ dq _ d t 
dy dx 
1 3 5 , 
Then , 
^ t fCq). - ^ (6 .15 ) 
d t 
I n t r o d u c i n g t h e n o n l i n e a r c o n v e r s i o n of space and tim.e c o - o r d i n a t e s . 
( 6 , 16 ) 
a n d G(y) 
equation (6.15) becomes 
2 di ^  
d y ^ DO fc- TTX 
— T + y = ~1, (6.17) 
, 2 •' dx 
dx 
If the RHS of equation (6.1.7) is Imown, the equation may be 
solved by any of the several techniques used in solution of such 
differential equations (e.g,. Method of Perturbations, Harmonic Balance). 
For those circuits where i is unknown, an approximation to this function 
must be made. If the circuit is of high Q, a sinusoidal waveform is a 
good initial guess. Using the approximated or known i function, a 
DO 
s o l u t i o n of t h e form 
y = R c o s (x + (fi) ( 6 . 1 8 ) 
i s a d o p t e d where R, cf) a r e assumed t o b e s l o w l y v a r y i n g f u n c t i o n s w i t h 
r e s p e c t t o t h e p e r i o d . E q u a t i o n s ( 6 . 1 2 ) t h e n become 
dR _ 1 r2-n '^DO R 
6^-1^ Jo -^r "^^ "^ "^  - i^. 
d i ( 6 . 1 9 ) 
dA 1 r2TT DO . ^ V 
'IZ = - -^TZ—^ I r. ~ r — s m X dx 
dx 2Tra) R •'0 dx 2 
whe re Q i s t h e q u a l i t y f a c t o r of t h e o s c i l l a t i n g c i r c u i t and V i s t h e 
d e t u n i n g b e t w e e n t h e f r e q u e n c y of t h e c u r r e n t w . , and t h e r e s o n a n t 
( 6 . 2 0 ) 
frequency 
V 
"o-
= 2 
U ) . 
1 
136. 
I f t h e capac i t ance i n t h e c i r c u i t i s t h a t a s s o c i a t e d wi th the 
r e v e r s e - b i a s e d pn j unc t ion of a v a r a c t o r d iode , the dependence of t h e 
capac i t ance on the app l i ed v o l t a g e i s given by 
C 
C = ~ ( 6 . 2 0 ) 
0 
where u = if) ( b a r r i e r p o t e n t i a l ) + V ( reverse b i a s vo l t age ) . For O B B 
t h i s C-v dependence, we have 
a = ^ ; f (q) = q ( i - % - i ) (6,21a) 
•^0 
1 J : / > f-, L q l / q \ 2 l , q . 3 
a = - ; f(q) = ( 1 - % - ^ - - T ~ (-^) - ~ (-^) 3 qQ 24 q^ 64 q^ (6.21b) 
where q^ = C^u^ 
When (6.16) has been so lved , t h e harmonic composit ion of t h e v o l t a g e may 
be found from (6.4) and ( 6 . 9 ) . 
V = 'J 
C(q) 
%^ 
= " o -
= 
\ 
"l 
f(q) 
^0 
cos 
cos 
1 
^0 
Y > 
X + . 
Y 
dx 
dt 
cos X 
1 y 
^0 ^(^^ 
.. + B cos nx 
n 
U cos nx 
n 
( 6 , 2 2 ) 
The oscillation period and its dependence on amplitude may then be 
fouTid from. (6.10b) . 
Although this method is attractive because it accounts for the 
nonlinearity of the capacitance, it assumes the form of the current in 
the conductance is known. For forced oscillations, this is indeed the 
case, but the harmonic content of the conductance current for free 
oscillations is unknown. A good approximation to this current may be 
found by assuming small signal conditions i.e. that the capacitance is 
nearly constant. Knowing the conductance function, a differential equation 
can be found which describes the circuit. The solution to this D.E. 
gives a close initial approximation to the waveform. The solution of 
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equation (6.16) with, this approximation for i can then be used to 
Du 
o b t a i n a b e t t e r a p p r o x i m a t i o n . I n t h i s way, an a c c u r a t e d e s c r i p t i o n 
o f t h e c i r c u i t v o l t a g e may be o b t a i n e d t l i rough s u c c e s s i v e a p p r o x i m a t i o n s 
6 . 3 . 2 THE ASYxMPTOTIC METHOD OF SOLUTION [93] 
C o n s i d e r t h e n e a r l y l i n e a r D.E. 
2 
X + OJ X = p f (x , x) (6 .24 ) 
If y = 0, the solution is 
x = a cos ifj ^  = t^ t + 0 (6.25) 
For y small, 
(1) 2 (2) 
x =f a cos ii + ]xp (a, i})) + y p (a, ii) + .... (6.26) 
where p , p , ..., are certain periodic functions of ^ with period 
2ir, and a, ^p are determined from the equations 
a = yA (a) + y A (a) + 
(1) 2 (2) \i) = w + ]iB^ ' (a) + y B ^ ^ (a) + . 
The problem is to determine the functions p , A , B in such a 
manner that their substitution in (6.24) satisfies the D.E. with the 
desired accuracy. 
Suppose the arbitrary functions a, (a), a (a) , .... , 
3, (a) , g (a),.... , are chosen for the A"-''"-' and B'-"''-^  respectively, and 
a and ^ are replaced in (6.26) ai^ d (6.27) by 
2 
a = b + y a (b) + y a (b) + . .. . 
i|j = (f) + y B^(b) + y ^^ (h) + 
Instead of (6.26), one obtains a similar equation with different coeffic-
ients. In order to remove the arbitrariness, some additional conditions 
must be imposed. An intuitive approach is to impose the conditions 
)f. P (a, i|;) cos \l)d ip = 0 
i = 1, 2, ... (6.29) j p^^^ (a, ij;) sin-4) d 4) = 0 
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such that there i s no f i r s t harmonic in p (a, ^) 
(In the follov/ing analysis, pa r t i a l differentiations are denoted by 
subscripts, and dots are used for differentiation with respect to time). 
The Krylov-Bogoluibov-Mitropolsky Asymptotic method is as 
•• " 2 .2 
follows: From (6.27) find expressions for a, ij;, a , aij;, ij; and use 
these when (6.26) i s substituted in- to (6.24) to give 
•• ^ 2 r o J l ) • , o n(l) , ^ 2 (1) ^ 2 (1)^ 
X + CO X = y [- 2wA sin ^ - 2wa B cos ijj + w p + m p ] 
WW 
_^  2 ^. (1) ^ (1) ^ ( 1 ) 2 „ ^ ( 2 ) . 
+ y [ (A A - aB - 2waB ) c o s Tp 
a 
- (2CUA(2) _ ^ 2 ^ ( 1 ) ^ ( 1 ) ^ ^ ( 1 ) ^ (1) ^ ^ 
a 
+ 2coA p , + 2a)B p , , + a ) p , , + w p ] 
aij; # \iiTp 
+ y"^  [ ] + ( 6 . 3 0 ) 
2 (1) yf ( x , x ) = y f ( a c o s I(J, - a u s i n i|)) + y [p f ( a c o s ^, - a w s i n I|J) 
+ (A c o s il* - aB s m (l* + wp , ) (f (a c o s \b, - a D s m w) ] 
ij; X 
+ y^ [ ] + ( 6 . 3 1 ) 
By e q u a t i n g pov^ers of y i n (6 .30 ) and ( 6 . 3 1 ) , t h e r e c u r s i v e s y s t e m belCTi/ 
i s o b t a i n e d . 
2 . (1) _^  ( 1 ) , . ( 0 ) . , , ^ ., ^ (1 ) . , ^ ., ^ ( 1 ) , 
ca (p . + p ) = f ( a , ip) + 2OJA s m ip + 2a)aB cos w 
2 (2) (2) (1) (2) (2) 
0) (p ^ •^  + p^ ' ) = f ^ ( a , ^li) + 2wA^ ' s i n f + 2a)aB^ ' c o s ii 
(6 .32 ) 
2 , (m) (m) , ^(m-1) , , , ^ (m) . , .., ^(m) 
10 (p , + p ) = f ( a , Ul) + 2a)A s i n w + 2coaB c o s ui 
where 
f ( a , 4*) = f (a c o s \p, - a iji s i n ^) 
f ( a , ij;) = p f (a c o s tj;, - a OJ s m \p) + [A cos I|J - aB s m i^  
"*" ^^^ 3 • fj^ (a cos i|;, - a t o s i n ij;) + 
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. ^ ( 1 ) 2 (1) ( 1 ) . , ^ ,o,^(15x.(- l^ J l ) ^ (1) , . , 
(aB. - A A ) cos ^ + (2A B +A B a) s m v 
a a 
„ ^( .1)^ (1) „ „ ( 1 ) (2) 
- 2axA p , - 2coB p 
aw \l;ij; 
(k) 
Then f ( a , i)) i s a p e r i o d i c f u n c t i o n of ^ w i t h p e r i o d 2-ir a l s o 
d e p e n d i n g on t h e a m p l i t u d e a , and i t s e x p l i c i t e x p r e s s i o n i s d e t e r m i n e d 
a s soon a s one d e t e r m i n e s A (a) , B (a) , p ( a , I|J) t o t h e k o r d e r . 
The F o u r i e r e x p a n s i o n s of f ( a , ^p) , p ( a , ijj) a r e 
f ( a , ij'j) - g|^(a) + 1 [g (a) c o s n I|J + h (a) s i n n ^] 
n = l 
CO 
(1) V 
p ( a , ij;) = qp,(a) + I tl^i^^^ '-^°^ n ;|j + r (a) s i n n tp] 
n = l 
(6 .33) 
S u b s t i t u t i n g (6 .33 ) i n t o (6 .32 ) ( f i r s t e q u a t i o n ) , 
00 
Ci) qp,(a) + J^ iii (1 -n ) [q_ (a) c o s n i^* + ^ (a) s i n n i|)] = 
n = l 
9^ (3 ) + [g^(a ) + 2ojaB^-^^] c o s ^ + [h (a) + 2a)A^"'"^] s i n ^ 
CO 
= y [q (a) c o s n IIJ + h (a) s i n n \b] v ( 6 . 3 4 ) 
h=2 " 
E q u a t i n g c o e f f i c i e n t s of t h e same o r d e r , 
g (a) + 2coaB^''"^ = 0 
h ^ ( a ) + 2coA^-''^  = 0 
to 
. , gn(a> 
q (a) 
n = 2 , 3 
n 2 , 2 
to (1 - n ) 
h (a) 
r (a) = —-
^ 2 , ^ 2 
u (1 -n ) 
A (a) , B (a) and all the harmonics of p (a, ijj) except the 
first two, q.. (a) and r (a) , have been found. However, the condition (6.29) 
gives q (a) = r (a) = 0 since none of the p {a, ^) has a fundamental 
harmonic. 
140. 
Then, 
g (a) , °^ g (a) cos n ib + h (a) sin n if (1) , , , ^0 -. 1 r ^n - n ' ^ 
p (a, ^\}\ = J-- '^ ~ I 2" (-6-36) 
to to n=2 1. - n 
Using the found p (a, I|J) , A ' (a) and B (a) , f (a, I]J) in i t s 
Fourier expansion can be found 
CO 
f •^'•^  (a, Tp) = g^^-^' (a) + J ^"^J^^ ^^^ ^°^ 11 ii + hj'^'^ (a) sin n ^] 
n=l 
(6.37) 
Then fron the second equation in (6.32) with the condition of (6.29), 
we have 
g -^"-^  (a) + 2coaB^^ ^ = 0 
h^^^^ (a) + 2toA^^ ^ = 0 
i2) g„ (a) , " g (a) cos n if + h (a) sm n^ 
, , , 0 , 1 r n n 
p (a, ^) = — 2 — + -2 ^ , : ; — 2 
(0 to n = 2 1 - n 
(6.38) 
Proceeding in th i s manner, approximations to higher powers may 
be obtained. The complexity of the above calculations resul ts from the 
generalized subst i tut ion of the series development and different iat ions. 
In most applications only the f i r s t and second approximations are usually 
s ignif icant . 
As an example, consider the dif ferent ia l equation of a nonlinear 
osc i l l a to r , 
2 
u + to u = y f (u) u (6.39) 
Setting u = a cos if;, 4^  - wt + 6 and Fourier expanding f(a cos ^) a co sin ijj, 
with F*(u) defined as J f(u) du, we obtain 
F*(a cos i/;) = y F *<a) cos n IIJ (6.40) 
n=0 
Comparing this with the general form of expansions (6.33) and using the 
1 4 1 , 
r e l a t i o n s h i p s i n ( 6 - 3 5 ) , we f i n d 
A^-^'^a) = h F ^ * ( a ) , B^-^^(a) = 0 ( 6 . 4 1 ) 
T h u s , i n t h e f i r s t a p p r o x i m a t i o n , 
u = a c o s i/j 
where ( 6 . 4 2 ) 
a = - F^* (a) , 41 = to 
F o r a s e c o n d a p p r o x i m a t i o n , 
» nF * (a) s i n ij; 
U = a c o s ijj + i^ y — ^ ^ ( 6 . 4 3 ) 
CO '"^ 2 ^ 
n=2 n - 1 
where a and i|) a r e .found from 
a = ^ F * ( a ) ijj = to + y^ B^^^ (a) 
^ ^ , „ , , • dF * ( a ) . C O n ^ F * ( a ) 
( 6 . 4 4 ) 
Sato 1 da „ 2 ^„ 2 
2coa n=2 n - 1 
SOLUTION OF VAN PER POL'S EQUATION 
Equation (6.1) represents a ccsnplex second order nonlinear system. 
The exact solution is difficult to obtain but it is possible to obtain 
approximate solutions which are within the degree of accuracy required. 
Let C(v) in Figure 6.1 be of the form, 
C(v) = CQ (1 + a^'v + a^'v^) (6.45) 
E q u a t i o n ( 6 . 1 ) can t h e n be r e w r i t t e n a s 
2 
d , 2 3 , , , 2, du „ , , . , , 
(U + a . u + a„u ) - e ( l - u ) -— + u = 0 ( 6 . 4 6 ) ^ 2 ' " 1 2 ' ' ' dx 
dx 
where x ( n o r m a l i z e d t i m e ) = to t 
tl) 
0 
u 
t 
1 
"^^^0 
(normal : 
0 L 
/S 
L 
V G^-G 0 L 
142, 
a 
1 
^2 
= ^ ' ' 
- - 2 ' 
^^2 
G^-G 0 L 
3G„ 
For a constant capacitance (a = a = 0), we have 
^"- - e(l - u^ ^ + u = 0 (6.47) 
dx' "^^  
which i s van der Pol"s equa t i on . This equa t ion has r ece ived cons ide r ab l e 
a t t e n t i o n s ince van der Pol foDonulated i t as the governing equa t ion f o r 
n o n l i n e a r t r i o d e o s c i l l a t o r s some f i f t y years ago [94, 9 5 ] . No a n a l y t i c 
s o l u t i o n has been found fo r a l l va lues of e which, as w i l l be shown 
l a t e r , has a pronounced e f f e c t on the form of the s o l u t i o n . The Krylov-
Bogoluibov-Mitropolsky method w i l l be used t o solve equa t ion (6.47) for 
small va lues (^1) of e. From ccxnparison wi th (6.39) we have 
f(u) = 1 - u^ , ;j = e (6.48) 
"3 Then F* (u) = u - -r- (6.49) 
2 3 
and F*(a cos ib) = a ( l - .y-) cos ^ - jj cos 3 ijj (6.50) 
2 
Thus F *(a) = a ( l - —) 1 4 
3 
F^*(a) = - — (6.51) 
F *(a) = 0 U T ^ I , U T ^ S 
n 
I f u = a cos ^ i s the i n i t i a l approximat ion, then (6.42) g ives the 
D . E . s , 
2 
da _ eaco . a . 
dx ~ 2 4 
dF^'^ 
Integration of (6.52) by quadrature gives 
a = a^ exp(^)//l + ^  a^' (exp(ecox)- 1) (6.53) 
which d e s c r i b e s the b u i l d - u p of o s c i l l a t i o n s . A s x - > ° ° , a - > a = 2 so 
0 
t h a t as a f i r s t appixDximation 
143, 
u = 2 cos (x + 9) (6.54) 
For the second approximation, equations (6.43) and (5.44) give 
3 
u = a cos i|j - -jj- sin 3 )|j (6,55) 
where a and ij) are given by 
2 
da _ eoja . a . 
^^ " 2 " 4 ^g_,^gj 
2 4 
d t 2,1 a ^ 7a , 
1— = (i) — £ I— — - — + ) 
dco ^8 8 256^ 
Using the first approximation result, a = a = 2, the second 
approximation gives 
u = 2 cos (tot + 6) - J sin 3 (tot + 0) 
2 (6.57) 
'^  = 1 - 16 
Thus for small values of the nonlinearity factor , the oscillation 
is sinusoidal with a small third harmonic conponent appearing as e ->• 1. 
Solution of the D.E. (6.47) for large e(>> 1) has proven to be a 
formidable problem due to the square wave or "relaxation" form of the 
oscillation solution. Although several authors have studied the problem 
[96-98], no simple analytic expression has been found to describe these 
osci l lat ions. The normalized amplitude of these relaxation oscillations 
remains approximate.ly 2.0, but the frecjuency is very m.uch dependent on C 
To a f i r s t order approximation, the normalized period is given by [98,99] 
T = (3 - 2 £n2) e + I^° - i : ^ (6.58) 
3 /^ ^ ^ 
EFFECT OF A NONLINEAR CAPACITANCE 
Frequency: Equation (6.46) accounts for the nonlinearity of the 
capacitance, the degree of nonlinearity being determined by the coefficients 
a , a ,' The first order effect of the capacitance-voltage dependence can 
be found by substituting 
1 4 4 . 
u = a c o s "P, 4) = tox + 9 
i n e q n . (6 .46 ) and equa t . i ng c o e f f i c i e n t s of t l ie f i r s t h a r m o n i c ; 
T h i s g i v e s t h e s o l u t i o n , 
u = 2 c o s (6 .59 ) 
/ l + 3a ' 
which indicates that the nonlinear capacitance reduces the frequency 
"by a factor dependent on the second-order nonlinearity coefficient. 
I 
More p r e c i s e l y , t h e f requ.ency c h a n g e s t o a new v a l u e to where 
M ' = ( 6 . 6 0 ) 
vXC 
a v e 
and C , the average capacitance can be obtained frcm energy 
ave 
consideratiqns by 
fT 1 ^ , , 2 , f. — C(u) u dx 
C = l2_i (6.61) 
ave fT , 2 _ 
Jo ^  d-^  
Power: The. power dissipated in load is unchanged when a nonlinear 
capacitance is substituted for the constant case. The power is given by 
2 
P = V„ G 
L 0 L 
, (G^-G^)G 
^ i _ _ 0 _ L _ i (6.62) 
^0 
and is maximised when G = -— . 
L 2 
Stability: C^ onsider the circuit of Figure 6.5 in which the 
nonlinearities of Figure 6.1 have been separated from the constant 
elements. It was postulated in Chapter 4 that the degree of inequality 
of equation (4.6) was a measure of the stability of the operating point. 
3G, 9B d •£_ 
3v 8to 
3 B , 3G d c 
9v 9to 
(JO 
> 0 (6 .63 ) 
w. 0 _0 
9B. 
Whereas t h e p r e v i o u s a n a l y s i s t o o k —— a s z e r o , t h e n o n l i n e a r c a p a c i t a n c e 
9v ' 
d 
manifests itself in a finite value of -r—, For the oscillator shown in 
— 9v 9G 
Q 
Figure 6.5, -r— 9to 
9^ d < 0, and — i > 0, so we may write 
tOQ 9v 
1 4 5 . 
C(j = Co(o|V+ a2V ) 
Figure 6.5 O s c i l l a t o r wi th Nonl inear Elements I s o l a t e d . 
where 
9B 
c^  
9to + K 
to 
9v > 0 (6 .64 ) 
K = -
0 
9 ^ 
c 
9to / ''''^ 9v > 0 
Thus t h e s t a b i l i t y may be improved, or degraded, depending on the 
v a r i a t i o n of average capac i tance with v o l t a g e . For the case of a r everse 
b i a s e d pn j unc t ion i n which the junc t ion capac i t ance i s a monotonical ly 
9B. 
increasing function of voltage. 
9v 
< 0, and the stability of the operating 
point is degraded. If the capacitance variation is large enoujh so that 
95-d 1 
->- — 9v K 
9F 
c 
9to , t h e n a p o i n t of i n s t a b i l i t y w i l l be r e a c h e d . 
0 
6.3.3 SOLUTION USING DIGITAL COMPUTING TECHNIQUES 
The solution of the normalized equation (6.46) can be expressed 
in terms of the original circuit parameters. 
%(i-V%' 
3G, cos tot 
(6.65a) 
146. 
^^ = _ _ ^ _ - _ _ _ i _ - . . ™ - _ ™ ™ . ( 6 . 6 5 b ) 
/j-"-;"Gjn:"::S77Go" 
0 i+a„ ' ~ ~-
• ^ ^ 2 
Note t h a t both amplitude and frequency a re func t ions of t h e locid G . 
L 
This s o l u t i o n i s only approximate however as the h ighe r harmonics have 
no t been cons ide red . In o rde r t o determi.ne t h e amplitude and frequency 
v a r i a t i o n of t h e fundamental component wi th load conductance, equa t ion 
(6.1) was solved numer ica l ly wi th the a id of a d i g i t a l ccxnputer. 
The method used was a f ou r th orc3er Runge-Kutta r o u t i n e . A 
program was w r i t t e n which allowed the v a r i a t i o n of c o e f f i c i e n t s in the 
..D.E. and then c a l l e d upon a Runge-Kutta subrou t ine t o solve i t . The 
s o l u t i o n was then Four ie r analysed us ing a Fas t Four i e r Transform, 
and t h e amplitude of the fundamental component was determined. A 
l i s t i n g of the program i s conta ined in Appendix V. 
As the n o n l i n e a r capac i t ance could r e p r e s e n t t h a t of a v a r a c t o r 
j i m c t i o n , i t was decided t o adopt a C(v) func t ion of the same form, i . e . 
C 
C(v) = ° (6.66) 
where V is the sum of the reverse bias and barrier potential. Note that 
B 
this capacitance approaches infinity as v -> V and gives an imaginary 
B 
value for v > V , a result which is not physically realizable. Measurements 
B 
made on Schottky barrier diodes [100] showed that a maximum is indeed 
reached at v = V , and the capacitance rapidly decreases beyond this 
point to make the junction inductive. This result is not of any great 
importance in this study however, as the diode is not driven into forward 
bias. 
When (5.66) is substituted in (6.1) and the equation is normalized, 
one obtains 
147. 
2 
^ (C(u) u) - e (1 - G /C. ) (1 - u') ~i + u = 0 (6.57; 
., 2 max L 0 dx 
dx 
1 .--, / \ -^ 
whe r s C (u) — • 
0 
" = '^ G -G ^ 0 L 
^0 
e = 
max /—— 
u = V / ^— 0 B G„-G 0 L 
The variation of fiindamental amplitude and frequency with load 
and conductance nonlinearity is shown in Figure 6.5. Note that, considerable 
detuning can occur. This is due principally to the nonlinearity of the 
conductance. Further detuning, although on a smaller scale, occurs as 
the amplitude dependence of the capacitance is increased (Figure 6.7). 
As e -> 5, the oscillation tends to be of a relaxation nature. Stable 
oscillation occurred for all cases examined, i.e. c up to 10. This was 
intuitively expected as the oscillations were of the free kind, and the 
ferroresonance effects associated with nonlinear resonance are a conseq-
uence of forced oscillations. (These effects may occur in cases of 
injection-locked oscillators where the frequency of oscillation differs 
from the natural frequency [101]). Note that the frequency referred to 
above is the fundamental harmonic frequency which may be different from 
the oscillation frecjuency due to the harmonic content. Van der Pol [95] 
found tliat 
CO 
0 L lv 1^  
) m V 
m=0 
where t h e V a r e t h e h a r m o n i c a i t r o l i t u d e s . 
' m' 
F o r l a r g e v a l u e s of e , an a c c u r a t e n u m e r i c a l s o l u t i o n r e q u i r e d ver^ ' 
1 4 8 . 
s m a l l i n c r e m e n t s , a s t h e s l o p e s of t h e r e l a x a t i o n o s c i l l a t i o n s were s t e e p . 
T h i s i n t u r n i n c r e a s e d comput ing t i m e . F u r t h e r m o r e , t h e f u n d a m e n t a l 
h a r m o n i c p r o p e r t i e s d i d n o t t r u l y r e p r e s e n t t h e o s c i l l a t o r b e h a v i o u r 
s i n c e t h e waveform was o f t e n non s i n u s o i d a l . For t h e s e r e a s o n s , i t 
was d e c i d e d t o a d o p t a n a l o g u e compu t ing t e c h n i q u e s . 
5 . 3 . 4 SOLUTION USING ANALOGUE COMPUTING TECHNIQUES 
The a n a l o g u e compu te r may be u s e d a s an e f f e c t i v e e n g i n e e r i n g t o o l 
i n model e m a l y s i s . I f one h a s a m a t h e m a t i c a l s t a t e m e n t wh ich d e s c r i b e s 
t h e p h y s i c a l s y s t e m t o b e s t u d i e d , t h i s can t l ien b e programmed and 
t h e s y s t e m b e h a v i o u r i s d e t e r m i n e d by t h e ccjmputer by means of an 
e l e c t r i c a l sys t em a n a l o g y . The s p e e d , f l e x i b i l i t y a n d s i m i l a r i t y t o 
t h e p h y s i c a l sy s t em a r e a t t r a c t i v e f e a t u r e s of t h i s method of s o l u t i o n . 
E q u a t i o n (6 .46) was programmed on an EAI681 a n a l o g u e c o m p u t e r . 
Th ree C(u) f u n c t i o n s were c h o s e n t o r e p r e s e n t d i f f e r e n t d e g r e e s o f c a p a c i t -
ance n o n l i n e a r i t y and t h e s e a r e shewn i n F i g u r e 6 . 8 . The a n a l o g u e program, 
p a t c h i n g d i a g r a m i s d e s c r i b e d i n Appendix V. The D.E. h a d t o be s c a l e d 
t o a l l o w o p e r a t i o n w i t h i n t h e c o m p u t e r ' s v o l t a g e r a n g e . 
By means of t h e p o t e n t i c a n e t e r s e t t i n g s , t h e v a l u e s of e , a , and 
a i n t t e D .E . c o u l d be v a r i e d . T h i s e n a b l e d t h e e f f e c t of c o n d u c t a n c e and 
c a p a c i t a n c e n o n l i n e a r i t i e s t o be r e a d i l y w i t n e s s e d . Ccxnputer r u n s were 
made f o r t h r e e v a l u e s of e w i t h t h e t h r e e C(u) c u r v e s of F i g u r e 6 . 8 u s e d 
a t e a c h v a l u e of e . 
Curve ( i ) r e p r e s e n t s a v o l t a g e i n d e p e n d e n t c a p a c i t a n c e w h i l e c u r v e s 
( i i ) and ( i i i ) a r e p a r a b o l i c a p p r o x i m a t i o n s t o r e v e r s e - b i a s s e d pn j u n c t i o n s , 
c a s e ( i i i ) b e i n g b i a s s e d n e a r e r t h e knee of t h e C-v c u r v e . 
D i s t i n c t l y d i f f e r e n t b e h a v i o u r was o b s e r v e d i n t h e s o l u t i o n waveform 
a s t h e d e g r e e of c o n d u c t a n c e and c a p a c i t a n c e n o i i l i n e a r i t i e s was v a r i e d . 
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Figure 6.8 Capacitance-Voltage Curves. 
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Figure 5.9 shows the va . r ia t ion in o s c i l l a t i o n waveform as t h e c a p a c i t a n c e -
vo l t age dependency i n c r e a s e s , for an e value of 0 . 1 . The top waveform 
i s q u a s i - s i n u s o i d a l and r e s u l t s f.rom t h e vise of a c o n s t a n t c a p a c i t a n c e . 
When the capac i t ance has the form of Figure 5 . 8 ( i i ) , a smal l second 
harmonic component i s p r e s e n t i n t h e ou tpu t and causes a s l i g h t decrease 
in frequency as p . redicted frcxn t h e a n a l y t i c a l s o l u t i o n of equa t ion (5.46) . 
When the C-v curve i s inc reased t o t h a t of Figure 5 . 8 ( i i i ) , the r e s u l t a n t 
waveform i s now modified s i g n i f i c a n t l y by a l a r g e second harmonic ccmponent, 
180° out of phase wi th the fundamental . The amplitude i s reduced due t o 
t h e " l o s s l e s s " damping provided by t h e c o e f f i c i e n t of the second d e r i v a t i v e 
i n equat ion (5.46) as compared t o damping provided by the conductance 
func t ion . 
As t h e maximum p o s i t i v e swing i s . reduced, the average capac i tance 
d e c r e a s e s . This i n t u r n , i n c r e a s e s the f requency. Thus al though a s l i g h t 
n o n l i n e a r i t y (Figure 6 . 8 ( i i ) ) causes a decrease in f requency, a s t r o n g e r 
n o n l i n e a r i t y (Figure 5 . 8 ( i i i ) ) modif ies the waveform t o such a degree t h a t 
the average capac i tance f a l l s below b i a s value and the frequency i s i n c r e a s e d . 
The case of e = 1.0 i s shown in Figure 6 .10 . The n o n l i n e a r na tu re 
of t h e conductance damping becomes ev iden t in t h i s example. The e f f e c t of 
t h e vo l t age dependent capac i t ance was once again t o i n t roduce a second 
harmonic component and t o reduce the frequency of o s c i l l a t i o n . I n c r e a s i n g 
t h e n o n l i n e a r i t y of the capac i t a ; ce f u r t h e r reduces the frequency and t h e 
anomalous t r e n d r e v e r s a l found in the £ = 0 .1 case does no t occur . For a 
much s t r o n g e r capacitanc^e n o n l i n e a r i t y however, a change in the s ign of the 
detuning would be expected f o r the reasons given in the preceding p a r a g r a p h . 
Inc reas ing e t o a l a r g e value (9.5) gave r i s e t o the phencxnenon 
of r e l a x a t i o n o s c i l l a t i o n which was desc r ibed e a r l i e r in t h i s c h a p t e r . 
Figure 6.11 d e p i c t s the form of t he se o s c i l l a t i o n s . Note the d i scon t inuous 
153. 
G - 0.1 
Figure 5.9 O s c i l l a t i o n Waveforms for O s c i l l a t o r wi th Capacitcinces 
shown in Figure 6 . 8 . 
154. 
G = 1.0 
Figure 6.10 Oscillation Waveforms using Capacitances as in 
Figure 5.8. 
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G-9.5 
Figure 6.11 O s c i l l a t i o n Waveforms using Capaci tances as in 
Figure 6 . 8 . 
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n a t u r e of t h e s e o s c i l l a t i o n s , the output remaining in e i t h e r a high or 
low s t a t e m.ost of the time with r ap id t r a n s i t i o n s in between. 
The e f f e c t of a vo l tage dependent capac i tance in a r e l a x a t i o n 
o s c i l l a t o r c i r c u i t could no t be predi .c ted beforehand as an a n a l y t i c a l 
d e s c r i p t i o n of r e l a x a t i o n o s c i l l a t i o n s was no t r e a d i l y a v a i l a b l e . 
F igures 5,11 (a) and 6.11(b) sho// the r e s u l t of s u b s t i t u t i n g capac i t ances 
having the form of F igure 5 . 8 ( i i ) and ( i i i ) i n the resonant c i r c u i t . Note 
t h a t t he d i scon t inuous two s t a t e na tu re of t h e o s c i l l a t i o n s V7as p r e s e r v e d . 
The n o n l i n e a r capac i t ance had t h e e f f e c t of a l t e r i n g t h e r a t i o of t ime 
spen t in the high s t a t e t o t h a t in the low s t a t e . The waveform ob ta ined 
was not u n l i k e t h a t of an a s t a b l e m u l t i v i b r a t o r with d i f f e r e n t time 
c o n s t a n t s for each h a l f of t h e c y c l e . The d i f f e r e n t t ime cons t an t s would 
a r i s e in t h i s c a s e , from the two d i f f e r e n t capac i tance va lues corresponding 
to high and low o u t p u t . Again, a s l i g h t decrease in frequency r e s u l t e d 
frcm t h e n o n l i n e a r i t y of t h e c a p a c i t a n c e . 
The use of t h e analogue computer in model l ing an o s c i l l a t i n g 
c i r c u i t c o n t a i n i n g bo th a vo l tage-dependent conductance and capac i t ance 
has provided a means of determi_ning the o s c i l l a t i o n waveform v/hich 
could not have been so r e a d i l y ob ta ined a n a l y t i c a l l y . 
The r e s u l t s of the s imula t ion showed: 
(i.) f o r the ranges of conductance and capac i tance n o n l i n e a r i t i e s used , 
t h e r e e x i s t e d s t a b l e o s c i l l a t i o n s . 
( i i ) a vo l t age dependent capac i tance i n the shunt r e sonan t c i r c u i t can 
e i t h e r decrease or i n c r e a s e the f requency, depending on the degree of 
n o n l i n e a r i t y . 
( i i i ) t h e d i scon t inuous n a t u r e of r e l a x a t i o n o s c i l l a t i o n s i s preseirved 
when the load c i r c u i t i s r ep l aced by a n o n l i n e a r r e sonan t c i r c u i t . 
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The result (ii) above is of particular significance in applications 
where exceptional frequency stability is required, e.g. parametric 
amplifier pump sources. It shews that for closely coupled pump source 
and varactor diode, the detuning may be of either sign depending not 
only on the pump power but also on the varactor bias .point. 
CHAPTER 7 
CONCLUSION 
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7.1 THESIS REVIEW AND CONCLUSION 
The purpose of this study was to investigate the interaction 
of Transferred Electron devices with linear and nonlinear circuits in 
order to obtain a better understanding of varactor-tuned oscillators. 
This aim was achieved through studies in several areas, and each 
chapter of this thesis has dealt almost exclusively with a separate 
topic. In the thesis review given hereunder, a brief description of 
the work in the individual sections is given, and the manner in which 
the results of the studies in the different areas contributed to the 
ultimate aim of the thesis is outlined. 
Chapter 2 dealt with Transferred Electron Devices. The 
understanding of the properties and operating characteristics of 
these devices was essential to the thesis, and in this chapter, the 
TED was studied in detail. 
Section 2.1 introduced the theory of the Transferred Electron 
effect including the reasons for the existence of domains in tlie device 
The behavior of these domains featured in section 2.2 which dealt with 
the operating modes of the TED. The individual domain modes, as well 
as the ISA mode, were described. Once an understanding of the oper-
ation of the TED was gained, the modelling of the device could then be 
undertaken. 
A review of reported TED models led to the adoption of a 
slightly modified version of the Khandelwal and Curtice 22 computer 
model for reasons listed in section 2.3. With the aid of this TED 
model, the "active" admittance, i.e. the admittance of the TED while 
in an oscillation mode, was able to be found. From this admittance, 
the "active" capacitance of the device could be determined. This 
particular property of the device is very difficult to obtain experi-
mentally as the device operation is dependent upon the load which 
160 
might include measuring apparatus interactive effects. 
The behavior of a typical TED was predicted using a sample 
set of data. The TED model was used to determine the individual 
components of the total device output current, and the dependence of 
device negative conductance on signal level was observed. A discuss-
ion of the effect of harmonic loads on the operation of TE devices vvas 
•included in section 2.4 to illustrate, and attempt to explain, some of 
the seemingly "erratic" behavior of such devices. 
It is well knovfli that the operation of TE devices is greatly 
influenced by the load. Hence in order to understand the operation 
of TE devices in particular circuits, it was necessary to understand 
tlie circuit itself. Chapter 3 was concerned with the examination of 
a particular mounting structure for TE devices, viz. a waveguide 
post mount, and the accurate characterization of such a structure. 
A literature review of previous analyses of post mounts was 
given in section 3.1, and in the following section, a detailed analysis 
of a multi-post mount was given. This analysis was based on that of 
Joshi and Cornick 5 and extended by the author to include generalized 
terminations (section 3.3), and frequencies above the dominant mode 
range. By extending the analysis beyond this range, the circuit 
impedance at higher harmonics could be determined. The analysis was 
applied to the particular case of a two-post waveguide mount in 
section 3.4, and an algorithm v\fas derived for calculating the elements 
of the equivalent TT - circuit representing coupling between gaps in 
the posts. This algorithm, listed in section 3.5, was readily 
programmable on a computer. 
Since TE devices are usually encapsulated, and the packages 
have significant effect at the frequencies of interest, determination 
of the equivalent circuits of such packages was necessary. Section 3.6 
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dealt with the equivalent circuits of encapsulated microwave devices, 
including varactors. Then, using the equivalent circuits of the wave-
guide mount and device packages found in chapter 3, and the TED model 
described In cii,,--tor, 2, a complete model of a waveguide varactor-
tuned TE oscillator was abio t.,- b^ , ccn.structed. This model was to 
be the key instrument ir. understanding the behavior of wuveuuide 
'\'iCOs de^ r.ribed in chapter 4. 
Following a brief introduction to the varactor-tuned cavity 
oscillator in section 4.1, the equivalent circuit model was used in 
a detailed analysis of a VTCO. This analysis, given in section 4.2, 
included the determination of operating frequency, stability, and 
tuning behavior. By way of example, a typical set of values v.'as 
chosen for the input parameters and various aspects of the behavior 
of the oscillator were illustrated using this sample set of data. 
Iji particular, the manner in which a change in a parameter, e.g. short 
circuit plunger position, influenced the operation of the oscillator, 
e.g. a change in operating frequency, was explicitly shown. In order 
to explain certain anomalous behavior of VTCOs, sample input data 
was chosen for which the model predicted such anomalous behavior 
e.g. frequency jumps. Tlius it was shown that the behavior of the 
oscillator could be explained as a function, albeit a complicated 
function, of such parameters of the oscillator as the waveguide mount 
dimensions, the package elements and the device characteristics. 
The complex inter-relationship of tncse parameters was embodied 
in the equivalent circuit model. 
In section 4.3, the validity of the model was tested by 
54 The input parameter applying the model to a reported case 
values were taken from a particular reported VTCO, and the tuning 
behavior predicted by the equivalent circuit model was compared with 
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the reported experim.ental behavior. The two results agreed closely. 
The application of the model in predicting electronic tuning 
behavior was shown in section 4.4. Tlie effects of post position and 
device package on electronic tuning bandv,'idth were illustrated for 
particular cases. It is pointed out that these were example cases 
only and the trends illustrated could vary significantly for 
'oscillators of different configuration. 
In design applications of the equivalent circuit model, the 
fixed parameters e.g. waveguide size, post diameter, package elements, 
would be kept constant while other parameters would be varied in 
order to optimize some particular feature. Often, some properties 
would be optimized at the expense of others, e.g. the electronic 
tuning bandwidth would be maximized when the posts separation was 
an integer number of guide wavelengths but this would result in 
poor m.echanical tunability. 
Experimental verification of the equivalent circuit model 
was reported in chapter 5. IVhile the mount parameters required 
for input to the algorithm could be obtained by measurement, the 
values of the package equivalent circuit elements had to be found 
experimentally. In section 5.1, the theory of device package 
characterization was outlined. The construction of the coaxial 
mount used in the package characterization was described in section 
5.?, and procedure adopted for determining the values of the 
equivalent circuit elements from the slotted-line measurements was 
reported in sections 5.3 and 5.4. 
Section 5.5 dealt with circuits used in the experimental 
work. Eight oscillator configurations were constructed, and the 
mechanical tuning curves for these oscillators were measured. 
These were shown in section 5.6. Also shown in some cases was the 
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behavior of the oscillators predicted by the equivalent circuit model 
using the measured mount dimensions and the experimentally determined 
package elements. As reported in section 5.7, agreement between 
predicted and measured tuning curves was good. The effect of iris 
coupling between the posts in the waveguide was also examined 
experimentally. ITiere was no theoretical prediction of this effect 
• as the iris was not able to be characterized for inclusion in the 
equivalent circuit model. 
To this stage, the thesis had been concerned with the 
interaction of the TE device with a linear circuit. The case of 
a nonlinear circuit i.e. one in which the impedance was a function 
of the applied voltage, was examined in chapter 6. 
Following an introductory section 6.1, a literature review 
of past analyses of such nonlinear oscillators revealed that little 
work had been done in this area. In section 6.3, a nonlinear 
oscillator comprising a nonlinear negative conductance and a 
nonlinear resonant circuit was examined in detail. Two analytical 
92 and analyses were presented which used the Phase Plane Method 
the As)'mptotic Method of Solution 93 respectively to solve the 
differential equation governing the oscillator circuit. For a 
particular oscillator, the equation reduced to that of van der Pol's 
95 1 . ITiis equation was solved for weak nonlinear negative 
conductances and the effect of the nonlinearity of the resonant 
circuit on the resultant oscillation waveform was examined. For 
strong nonlinearities, recourse was made to both digital and 
analogue computers, and the results were reported in sections 
6.3.3 and 6.3.4 respectively. 
Analogue computer simulation of the nonlinear oscillator 
revealed, inter alia, that the discontinous nature of relaxation 
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oscillations in van der Pol's oscillators was preserved when the 
load was replaced by a nonlinear resonant load, and that if such 
a shunt-resonant load contains a voltage dependent capacitance, the 
frequency of oscillation may increase or decrease depending on the 
degree of nonlinearity of the capacitance. This result would have 
significant hearing on the design of oscillators which operate 
under varying nonlinear loads. While this result was based on the 
result of analogue computer simulation, no theoretical verification 
was possible as there was no known analytical method for solving 
the governing equation for strong nonlinearities. 
Through the use of the equivalent circuit model and the 
study of nonlinear oscillators, a better understanding of the 
interaction of Transferred Electron devices with linear and nonlinear 
circuits was obtained. 
The novel features of this study may be summarized in the 
following form: 
(i) The properties of an active TED were obtained by 
using a modified version of a previously reported 
domain-mode model 22 . These properties were 
found using manufacturer's specifications supplemented 
by subthreshold experimental measurements, thus 
avoiding complicated in-circuit experimental charact-
erization of the actual device, 
(ii) The analysis of the multi-post waveguide mount 
presented by Joshi and Cornick 15 was extended to 
include generalized terminations and operation at 
frequencies above the dominant mode range. Thus 
higher-order mode resonances were included. Spurious 
oscillations could be interpreted as jumps to these 
16 Id 
higher resonances vjhich were at non-commensurate 
frequencies. 
(iii) A coaxial mount was constructed and used in measuring 
the impedances of packaged microwave devices. A 
method was devised for determining the values of the 
elements of equivalent circuits for packaged devices, 
using an error-minimization subroutine. 
(iv) The characteristics of the Gunn device, waveguide mount 
and varactor v/ere represented by equivalent circuits 
and incorporated in a computer model. The effects of 
structural and package parameters on oscillator perfor-
mance were determined using the model. Design consider-
ations for optimum electronic tuning bandwidth were 
proposed. 
(v) The effect of a nonlinear resonaiit load on a negative 
resistance source was studied. The resultant behavior 
was examined for the cases of weak and strong nonlinear-
ities in the load and source. The study included 
analytical and numerical solutions of the differential 
equation governing such circuits. Previously unreported 
behavior was studied using an analogue computer to 
calculate the solution waveform. 
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7 . 2 SUGGESTIONS FOR FURTHER STUDY 
Several a spec t s of tlie t h e s i s mer i t f u r t h e r i n v e s t i g a t i o n and 
development, and a.re s e t out here as p o s s i b l e t o p i c s for fu tu re s t u d i e s . 
The computer model of the TED was phenomenological and r e a d i l y 
u s a b l e . However i t p rov ides a s i m p l i f i e d r e p r e s e n t a t i o n which i s 
l i m i t e d i n frequency. The domain mode c h a r a c t e r i z a t i o n needs to be 
extended t o h igher frecjuencies, through c o n s i d e r a t i o n of domain formation 
and e x t i n c t i o n t i m e s , and i n t e r v a l l e y r e l a x a t i o n t imes . 
A p o s s i b l e a p p l i c a t i o n of the VTCO model i s i n des ign of a 
c i r c u i t having a l i n e a r frecjuency versus tun ing v o l t a g e cu rve . Linearity-
i s a d e s i r e d f ea tu re of vrOs and the model could be used t o determine 
design parameters g iv ing l i n e a r t un ing . The e x a c t e f f e c t of an i r i s 
in the waveguide on i n d i v i d u a l modes i s a m u l t i - o b s t a c l e e l e c t r o m a g n e t i c -
f i e l d theory problem which could be s tud i ed us ing v a r i a t i o n a l or mode-
matching t echn iques . The e f f e c t of the i r i s could be inc luded r e a d i l y 
i n t o the e q u i v a l e n t - c i r c u i t model, t o extend i t s use t o i r i s - c o u p l e d 
o s c i l l a t o r s . 
A l o g i c a l avenue for f u r t h e r s tudy i s t he ex t ens ion of the model 
t o more than two p o s t s to f a c i l i t a t e a n a l y s i s of o s c i l l a t o r s c o n t a i n i n g 
more than one tun ing element [102] . M u l t i p l e - v a r a c t o r tun ing al lows 
p r o v i s i o n for coarse and f ine t un ing , and with a p p r o p r i a t e des ign , can 
l i n e a r i z e the frequency response . Mul t ip le a c t i v e device ope ra t ion could 
be i n v e s t i g a t e d a l s o . Po\^ 7er cembination of s o l i d - s t a t e devices had not 
been c l o s e l y examined, al though a g r e a t i n t e r e s t i n t h i s problem has 
developed r e c e n t l y . The low-power .=:hort ccming of n e g a t i v e - r e s i s t a n c e 
s o l i d - s t a t e d e v i c e s , may be overccme by the combination of s e v e r a l 
devices [ 5 8 , 5 9 ] . Optimum power combination i s d i f f i c u l t t o achieve 
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however, an.d theoretical circuit recjuirements for multiple device 
oscillators have not been investigated in detail. Load impedance 
requirements for power combiners, along with circuit designs which 
realize these imxjedances are topical problems which could be investi-
gated with the aid of the waveguide oscillator model. 
The study described in chapter 6 could be readily extended 
to investigate oscillator start-up phenomena and discontinuous 
response while tuning. The theoretical results also need experimental 
verification by a circuit containing a negative resistance source 
(Gunn device, Tunnel diode) loaded by a resonant circuit containing 
a nonlinear capacitance for example. The explanation of reported 
anomalous behaviour of nonlinear oscillators may also be possible 
using the I'esults of chapter 6. 
APPENDIX I 
A SUBROUTINE TO CALCULATE THE GUNN DEVICE CURRENT 
Input: 
VDT - An array containing the device voltage 
at NP points. 
DVDT - An array containing the derivative of the 
voltage w.r.t. time at the NP points. 
Output; 
IDT - An array containing the device current at 
the given points. 
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APPENDIX IV 
(a) A subroutine to match an equivalent circuit 
to measured data. 
(b) Derivatives of error function w.r.t. element 
values. 
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(b) DERIVATIVES OF ERROR FUNCTION w.r.t. ELEMENT VALUES 
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APPENDIX V 
(a) Digital computer routine for the solution of 
a 2nd order D.E. governing a nonlinear oscillator 
(Figure 6.1). 
(b) Analogue computer programme for the solution of a 
nonlinear 2nd order D.E. 
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(b) ANALOGUE COHPUTER PROGRAM FOR THE SOLUTION OF 
2 
d , 2 3, ,, 2. d u , _ / i \ 
— ~ (u + a u -f a u ) - e (1 - u ) •— + u = 0 (v.l) 
dx 
As t h e s o l u t i o n i s of ampli tude approximately 2 , t h e etjuation 
must be s ca l ed t o wi th in the analogue ccmputer"s ope ra t ing range . 
Let X = -J, equa t ion ( v . l ) becomes 
, 2 e ( . 2 - 3.2x ) ~ - .2x - ( ^ ) (1 .6a , -t 19.2a^x) 
5 2 _ = ^^ dx ___1 2__ ^^ 2^> 
dT^ ,2 + 1 .6a X -I- 9 . 6 a „ x 
1 ii: 
which is patched as shown in Figure v.l, 
188. 
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